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Summary 

1. NUCLEAR CHEMISTRY 

Values of 920 f 90 and 48 f 5 barns were meas- 
ured for the resonance integral and (mean) thermal 
cross section of with a cadmium-filter 
technique. On the assumption that obeys 
the l/v law for cadmium-absorbable neutrons, a 
2200-m/sec cross section of 46 f 5 barns was ob- 
tained. A comparison of measurements made with 
cadmium and gadolinium filters indicated that no 
large resonances exist in the thermal-to-cutoff 
energy ranges. 

With cadmium-filter techniques and irradiating 
samples of bismuth containing Bi2 l0 ,  the thermal 
cross section and resonance integral to form the 
2.16-min Bi211 (AcC) were found to  be 0.054 and 
0.20 barn respectively. 

Effective energy cutoffs were calculated on an 
IBM 7090 computer for cadmium, gadolinium, sa- 
marium, and boron filters a s  functions of the ratio 
of Maxwellian to cpithermnl (assumed to be 1/E) 
flux, the lower energy lirrlit of the 1 / ~  flux, thc 
energy corresponding to the Maxwellian most 
probable (modal) velocity, the filter thickness, 
and the height/diameter ratio (of cylindrical fil- 
ters). The filters were spherical (which on tlle 
assumptions made i s  equivalent to a beam flux 
case), cylindrical, and slab. By the use of two 
or three different filters (cadmium and gadolinium 
and perhaps samarium), it should be possible to  
detect resonances in the thermal-to-cutoff energy 
regions, in addition to measuring resonance in- 
tegrals and thermal cross  sections of unknown 
nuclides. The calculated cutoff varied by at 
most 2% a s  the lower limit of the 1 / ~  flux was 
varied between 3 and 6 times the Maxwellian tem- 
perature. 

Values of 97 f 10 and 255 f 25 barns were found 
for the activation thermal cross section and res- 
onance integral of s m l S O  respectively. These 

values are of interest because SmlSO i s  the nu- 
clide of lowest cross section in the sequence 
starting with pm14'; this sequence, via suc- 
cessive neutron capture, results in ~ d l ~ ' .  Sa- 
marium-150 can effectively interrupt the chain 
of neutron losses  a t  mass 150 in a high-flux re- 
actor. 

By measuring the specific activity of the 2.615- 
Mev gamma ray in a reactor-irradiated and calu- 
tron-enriched sample of bismuth and by measuring 
the ~i~~~ content mass-spectrographically, a half- 
life of (5.61 f 0.15) x l o5  years was found for 
~ i 2 0 8  

By irradiating samples of pure Ce140 with neu- 
trons and measuring, with both mass spectrograph 
and neutron activation analyses, the c e l d 2  pro- 
duced a s  the result of double neutron capture, a 
value of 30 * 3 barns was obtained for the effec- 
tive neutron cross section of Ce141 in a reactor 
with a ratio of thermal flux t o  resonance flux 
of 12.4. 

Values of 0.59 and 0.48 barn, respectively, were 
obtained for the thermal-neutron cross section and 
resonance integral of Ce 140. 

The beta and gamma radiations of 2.7-hr Pml'O 
were investigated by using single- and multicrys- 
tal scintillation spectrometers. A decay scheme 
i s  proposed which involves excited s t a tes  in 
s m l S O  at 0.333, 0.743, 1.18, 1.66, 1.96, 2.07, 
2.41, and 3.08 Mev, together with tentative assign- 
ments at 1.77, 1.90, 2.86, and 2.91 Mev. 

A study of the decay properties of dis- 
closed energy levels in Xe 132 a t  669, 1300, 1808, 
and 1988 kev and levels in ~a~~~ at  464 and 
1034 kev. From angular correlation measurements, 
spins are assigned for a l l  of these states. A 
comparison of these levels with those predicted 
by various nuclear models is made. 



Recent experiments extended the information on 
fission-product yields and half-lives in the mass- 
99 decay chain; in particular, the existence of a 
new isomer of Nb9' ( ~ 4  = 10 sec)  was estab- 
lished. 

A comprehensive literature survey and evalu- 
ation of u~~~ fission-yield data led to the se- 
lection of a se t  of preferred fission-product yield 
values for the thermal-neutron-induced fission of 
u233. 

T h e  level structures of Ge71, ~ e ~ ~ ,  ~e~~ and 
~e~~ were studied with the (d ,p )  reaction. The 
energy spectra of proton groups leading to excited 
levels up to  approximately 1 Mev were obtained 
through the  use of a silicon surface-barrier de- 
tector. The Q values corresponding to newly 
observed levels were determined. 

Some of the properties of lithium-drifted silicon 
diodes were studied. Measurements with these  
diodes were used in an investigation of the Ce135 
decay scheme. 

2. ISOLATION AND CHEMICAL PROPERTIES 
OF SYNTHETIC ELEMENTS 

The  preparation and properties of a number of 
rhenium species in aqueous or organic solution 
which may be prepared from pentavalent and hexa- 
valent rhenium in 18 M H2S04 are described. All 
the species  have the common property of ex- 
hibiting very intense absorption bands in the 
visible region. 

Nonaqueous acidimetric titrztions of H2ReCl, 
and H2S04  suggested that the second ionization 
constant for the rhenium compound i s  significantly 
larger than that for H2S04. 

Measurements of the near-infrared absorption 
spectrum of pertechnetate ion revealed a charac- 
terist ic strong absorption band a t  906 cm- l. 

3. CHEMICAL SEPARATION OF ISOTOPES 

Ion exchange of alkali metal ions has been 
studied in systems involving ion exchange resins 
equilibrated with nonaqueous solutions. Diffusion 
and selectivity coefficients were determined. 

Vapor pressure measurements were made of 
various mixtures of BF3 and ethyl sulfide. Single- 
s tage isotopic equilibrium constants were de- 
termined for the exchange of boron between B F 3  
and B F 3  *(CH3)20 at 22, 4, and -B°C. 

Nitrite and nitrate ions were shown to exchange 
nitrogen atoms in acid solutions. The rate i s  
pH dependent. 

The s a l t  K~[(NC)~COOOCO(CN)~]  in solution does 
not exchange i t s  peroxygen bridge with 02. 

Preoperational testing of the water distillation 
cascade of the Oxygen-17 Plant was completed 
during fiscal year 1962. The unit was placed 
a a on stream" during June. The cascade i s  ex- 
pected to attain steady-state operation during 
the latter part of 1963. 

The single-stage separation factor for carbon 
and oxygen isotopes between carbon dioxide and 
dimethyl carbamic acid was measured. 

Separation factors per mass unit for the system, 
aqueous metal hydroxide-metal amalgam, a t  
2 5 y  were 1.0023 for sodium and 1.00017 for 
rubidium. With sodium, thc light isotope con- 
centrates in the amalgam; with rubidium, the 
heavy isotopes concentrate in the amalgam. A 
rubidium-cesium separation factor larger than 2 
was obtaincd for thc s a m e  system. 

A nuclear magnetic resonance study of rates 
of exchange, activation energies, and equilibrium 
constants for mixtures of BF3 with two donor 
solvents was begun. 

Dielectric-constant measurements on diethyl- 
ammonium diethylcarbamate indicate the material 
i s  salt-like in the molten state, but undissociated 
in organic solvents. 

Mass s ~ e c u o s c o p i c  investigations of metnstablc 
ions produced in the isotopic rlitrous oxides by 
electron impact were published. Infrared and 
Raman spectral studies of isotopic molecules 
were continued. Observations of the spectra of 
BF3  -(CH3),O and its  B lo-, B 11-, and D-substi- 
tuted analogs were completed and published. The 
isotopic equilibrium constant between RFJ and 
B F 3  (CH3)20 was calculated from the spectral 
dntn and compared with experimental ~Lsrrvat ions .  
A computer program for using isotopic data in 
calculating force constants was refined and used 
to calculate vibrational frequencies for N ; * O ~  and 
N i 5 0 4 ,  which agree closely with observed values. 

4. RADIATION CHEMISTRY 

In the electron bombardment studies of mixtures 
of (C2N2 + H2) and (C2H2 + N2), a common ion 
at mass 27 was shown by appearance-potential 



t techniques to be HCN' and not C2H3 . Other com- 
mon masses were not identified a s  to  specific 
ions. This  study of the (C2H2 + N2) mixture i s  
in agreement with early alpha radiolysis studies 
of the same mixture in that only small amounts 
(not more than 10%) of nitrogenated products are 
produced. 

The gaseous and liquid products resulting from 
the alpha radiolysis of ethylene were analyzed. 
The results show that hydrocarbons with an even 
number of carbon atoms predominate and that the 
straight-chain hydrocarbons predominate over the 
branched compounds. Infrared spectra show the 
major unsaturated products to  be RCH=CHR'. 
Molecular weight and iodine number determina- 
tions on thc liquid polymer show an average of 
16 carbons per molecule and one double bond per 
10 carbons. 

The catalytic activity and activation energy of 
germanium for H2-D2 exchange and i t s  catalytic 
activity for formic acid dehydrogenation varied 
significantly with the Fermi level a s  the latter 
was altered by doping with n- and p-type im- 
purities. 

Colors produced on irradiation of certain poly- 
nuclear aromatic compounds adsorbed on sil ica 
gel were used a s  evidence for ionic intermediates 
in the radiolysis. Further experiments on the en- 
hancement by radiation of the H2-D2 exchange 
activity of si l ica gel make i t  even l ess  likely 
that the mechanism is the removal of a poison 
by radiolysis. 

The photolysis of hydrogen peroxide was studied 
in the presence of dissolved hydrogen and oxygen. 
The ratio of rate constants, kH2tOH / k ~ 2 0 2 * 0 ~  - - 
0.93, i s  the same a s  that previously reported for 
the radiolysis of water. This indicates that the 
hydroxyl radical produced in the radiolysis of 
water has  the same chemical structure a s  OH pro- 
duced by the photodecomposition o f  hydrogen 
peroxide. Presumably, the H ~ O '  initially pro- 
duced in the radiolysis of water is rapidly con- 
verted t o  OH. The above ratio i s  insensitive to  
hydrogen ion concentration. However, HS04- and 
OH- react with OH to form, presumably, HS04 and 
0-, respectively. The ratios of rate constants 

IH tOH/k HSO4-+OH /k OH -to11 = 1.0/0.005/8.0. 

- The ratio of rate constants kHtH /kH - 
2 ? 

2.2 x where the hydrogen atom 1s that pro- 
duced by reaction of H2 with the OH from the 
photodecomposition of H 2 0  2. The corresponding 

ratio for reaction with the hydrogen atom produced 
in the radiolysis of water i s  0.6. This and other 
evidence indicates that: the hydrogen atom pro- 
duced by reaction of H2 with OH i s  a a u e  hy- 
drogen atom, and that the "hydrogen atom" pro- 
duced in the radiolysis of water i s  some form of 
hydrated electron. 

An important parameter in the diffusion-kinetics 
model of water radiolysis i s  linear energy transfer, 
LET. Yields were measured for the oxidation of 
ferrous sulfate and for the reduction of ceric sul- 
fate both with and without added thallous ion, by 
protons of various energies in the range 11 t o  
23 Mev. From these measurements, derived yields 
of intermediates GH, GoH, GH 2, GH 20 2, and 

G - ~  -0 were evaluated. The measurements ex- 
L 

tend the range previously covered (to 10 Mev a t  
Argome and Brookhaven National Laboratories) 
into the lower LET range. Methods were devised 
for accurately measuring both the proton energy 
and the proton beam current. 

The c o G O  gamma irradiation of aqueous H2S04 
solutions produces the free radicals, H, OH, 
HS04, and HS03 and the molecular products H2, 
H 2 0 2 ,  H2S,08, H2SO!, and SO2. The 100-ev 
yield of each of these ~ntermediates a s  a function 
of H2S04 concentration i s  presented graphically. 
The hydrogen atom reacts with both oxygen mole- 
cules and ~ ~ 0 '  ions. The ratio of rate constants 

'(H +O )/k has been calculated from the 
2 ( H + H ~ O  +) 

the ferrous-sulfuric acid system to be 700,000 
(+6%). 

When ce4'-0.8 N H2S04-NaN03 solutions are  
irradiated with c o G O  gamma rays, the G ( c ~ ~ ' )  
increases with increasing NaN03 concentration. 
Mass spectrographic analyses of molecular oxygen 
in thc H ~ O ' ~ - N ~ N O ~  system are correlatcd with 
the ionic spectrophotometric analyses of c e 4 +  in 
the ce4+-0.8 N H2S04-NaN03 system to explain 

the enhanced G(ce3'). The measured G(ce3? is 
deduced to  be a composite of the following: (1) 
the G(ce3') measured in the absence of NaN03, 

(2) the stoichiometrically equivalent G(ce3') re- 
sulting from the suppression of G(H2), (3) a 
direct-action effect on nitrate ion which i s  directly 
proportional to nitrate ion concentration, and (4) a 
possible scavenging reaction of nitrate ion. 

The investigation of radiolysis by transferred 
energy was continued with a study of the de- 
composition of nitrite ions dispersed in potassium 



bromide. It was found that the nitrite ion is s o  
distributed.in the matrix a s  to decompose simul- 
taneously by two first-order processes. The initial 
r a tes  of both processes vary in a regular manner 
with the initial concentration of nitrite ion. This 
is qualitatively explained by considering each un- 
irradiated mixture of potassium nitrite and po- 
tassium bromide to have a different structure 
varying regularly with concentration. 

Discontinuities were found in turbidity-concen- 
tration curves measured on pressed disks of dis- 
persions of large ions in potassium bromide. It 
i s  believed that this behavior may be compared 
to that  of "colloidal electrolytes" in liquid solu- 
tions. 

By means of low-temperature cel ls  and absorp  
tion spectrophotometry, the formation of ozone in 
liquid oxygen and oxygen-nitrogen mixtures was 
observed in situ a t  77% by alternate gamma irra- 
diation and ultraviolet absorption measurement. 
Extensive energy transfer and enhanced ozone 
yields were found in the 02-N2 system. In a 
solution only 0.050% 02, the yield of ozone is 
equal to 32% of that from pure oxygen. In pure 
oxygen a t  77OK, G(03) = 12.5 molecules/100 ev. 

T h e  two cobalt sources of the Radiation Chem- 
istry Group were reloaded with 2900 and 280 
curies; the maximum dose rates a re  about L x 1U 18 

and 2 x 10'' ev  g-' min-I respectively. The 
cobalt is distributed to provide a uniform dose 
ra te  (within f2%) over a 3-in. length along the 
vertical axis. 

Measurements of the decompositions of the 
alkali-metal bromates by nuclear reactor radiations 
a s  a function of exposure dose at ambient tem- 
peratures showed that the g o s s  radiolytic sta- 
bility sequence was the same a s  that observed 
previously with c o G O  gamma rays. In some in- 
s tances ,  however, the relative stabilities differed, 
and these  differences could be attributed to the 
production of internal radiation sources by thermal- 
neutron capture in the alkali-metal cation or by 
the formation of high-LET recoil fragments, a s  
in the  fission of ~ i ~ .  The separate decomposi- 
tions by thermal neutrons, fast neutrons, and 
reactor gamma rays were estimated from experi- 
ments performed in a thermal column, with thick 
lithium or metal shielding, and with thick 
bismuth metal shielding, respectively. Evidence 
was obtained for the stepwise radiolytic decom- 
position of the Br03-  ion. 

5. ORGANIC CHEMISTRY 

The differential method developed at this Lab- 
oratory for studying small isotope effects - 
particularly the secondary effects of C14 and 
deuterium - was extended to include several 
isotope-position isomers of acetophenone, phenyl 
t-butyl ketose, and propiophenone. In general, 
substitution of deuterium in the aliphatic side 
chains of these ketones increases the reaction 
rate, the only exception being propiophenone-w 
d3. Carbon-14 in the carbonyl groups of all  
ketones studied decreases the reaction rate by 
5.0%, whereas in adjacent positions i t  causes a 
small rate increase. 

A study was made of the nuclear magnetic rcs- 
onance spectrum of erythr-2-amino-1-phenyl- 
propanol hydrochloride. The population of the 
various conformations was estimated from the 
appropriate spin-spin coupling constant. The 
data were used to  predict the product ratio upon 
deamination of the compound, and the validity of 
the prediction was confirmed from experimental 
evidence. 

The compound (-)-exo-norbornyl amine was pre- 
pared in the optically pure form and subjected to 
deamination. The retention of optical activity in 
the product, exo-norbornyl acetate, was evidence 
that the reaction intermediate was not a non- 
classical  cyclic ion. 

A nuclear magnetic resonance study of the 
syn- and anti-stereoisomers of iso-butyrophenone- 
2,4-dinitrophenylhydrazone was started. The 
syn-anti chemical shifts for both a- and P-protons 
were in the same direction. The two isomers do 
not exist in equilibrium in solution, because of 
the rotational isomerization about the C=N bond. 
The reaction between sodium nitrate and tributyl 
phosphate (TBP) was further studied with dif- 
ferential-thermal-analysis techniques. The first 
reaction (exothermic, 79 cal per g of TBP) was 
partially quenched by an endothermic reaction of 
sodium nitrate. The return to a net exothermic 
reaction was finally quenched by the fusion of 
sodium nitrate. 

Organic thiophosphorus compounds form com- 
plexes with silver and mercuric cations that can 
be used for solvent extraction. Electronic dis- 
tributions are important in that more stable com- 
plexes are formed with neutral thiophosphorus 
compounds that have more electron-releasing 
groups attached to  the phosphnr~~s.  The cnr- 



responding monobasic thiophosphoric acids form tometric studies. In both sample and reference 
complexes with silver that are soluble in and cells,  temperature and pressure are precisely con- 
show association between molecules in benzene. trolled, and liquid-gas equilibration is provided 

for. 
Preliminary study indicates that the DC104- 

6. CHEMISTRY OF AQUEOUS SYSTEMS D20-H20 system is a usable solvent for spectro- 
photometry of inorganic ions a t  least  to 1 f UC104, 

The solubilities of Ag,SO, were measured in to 250°C, and over the wavelength range 0.33 to 
KN03-K2S04, K,so,-M~SO, - and K2S04-H2S04 1.8 p. 
aqueous mixtures in the range 30' to 175T. Two The applicability of . the  mass law to ion ex- 
different types of expressions were tried for rep- change equilibria with concentrated aqueous s a l t  
resenting the logarithm of the solubility product 
vs ionic strength: (1) a single-parameter Debye- 
Hiickel equation and (2) a Debye-Huckel ex- 
pression with fixed parameter plus a linear term 
with an adjustable parameter. The adjustable 
Debye-Huckel parameter in expression (1) was 
very nearly temperature independent, while the 
adjustable linear parameter in (2) varied quad- 
ratically with temperature in all  mixed-electrolyte 
media. 

A generalized least-squares technique can be 
used to calculate equilihriurn constants i n  solvent 
extraction equilibria by minimizing the difference 
between observed and calculated distribution 
ratios. The method was successfully applied to 
the extraction of uranyl nitrate and nitric acid 
by TBP dissolved in an inert diluent. 

The optical absorption of hydrolyzed U(V1) in 
1 M chloride solutions was correlated with a 
hydrolysis scheme based on acidity and ultra- 
centrifugation measurements, involving a s  prin- 
ciple species  (UO 2 )  ,(OH) 2 2  +, (110,) 3 ( 0 ~ ) 4  2+,  

and (U0 2)3(OH) +. Ultracentrifugation of Bi(II1) 
perchlorate solutions a s  a function of concentra- 
tion and degree of hydrolysis indicates that esti- 
mates of equilibrium quotients and their tempera- 
ture coefficients for polymeric reactions may be  

- ~ 

possible by comparing experimental equilibrium 
refractive index patterns with those computed on 
the basis of an assumed model. Equilibrium ultra- 
centrifugations of hydrolyzed Pb(I1) solutions in 
general confirm the scheme postulated on the 
basis  of emf measurements carried out elsewhere. 

The N ~ o F ~ ~ -  ion and the NbF6- ion were 
identified in 0% t o  50% HF solutions by comparing 
the Raman spectra of the solutions with the 
spectra of crystalline CsNbF6, K,NbF,, and 
K2NbOF5 H20. The N ~ F , ~ -  ion was not found 
in the solutions. 

A new spectrophotometer cell assembly was con- 
structed for high-temperature aqueous spectropho- 

solutions was demonstrated with a liquid anion 
exchanger. Equilibria involving concentrated hy- 
drochloric acid solutions with both liquid and 
resinous anion exchangers, however, could not 
be rationalized because of the invasion of these 
exchangers by this electrolyte. An attractive ex- 
planation for this invasion and the associated 
large nonideality of the resultant organic phase 
was that hydrogen dichloride ions, HC12-, were 
being formed at the exchange sites. Infrared 
absorption, vapor pressure and other measurements 
have appeared to give support to the explanation. 

Systematic measurements of the osmotic and 
activity coefficients a t  25'C for a wide variety of 
quaternary ammonium halides in aqueous solutions 
a s  a function of concentration have continued. 
The  degree of interaction between a given halide 
ion and the quaternary ammonium cation depended 
on the structure of the latter. For example, sub- 
stitution of a benzyl for a methyl group greatly 
increased the anion binding of the resulting 
quatcrnary ammonium cation. 

Calorimetric measurements of the heat of ex- 
change of bromide for chloride ion with high- 
molecular-weight linear anionic polyelectrolyte 
gave values in reasonable agreement with pre- 
viously observed heats for the same reaction with 
moss-linked anion exchangers. 

Heat of solution and dilution measurements 
were completed on p-ethylbenzene sulfonic acid 
(the "model" compound for Dowex 50) and on the 
lithium, sodium, potassium, and cesium s a l t s  of 
the acid. The heat content-concentration de- 
pendency observed with these compounds was 
notable in that the initial slopes were larger 
than for any other common alkali-metal sa l t  of the 
1 : 1 type. 

The extraction of microquantities of Fe(II1) from 
concentrated hydrochloric and perchloric acid 
solutions by a strong acid liquid cation exchanger 
and by a lightly cross-linked Dowex 50 have been 



compared. In all  four cases  a marked increase in 
the extraction of iron above acid concentrations of 
3 to 4 M was observed. 

A systematic study is in progress of the ion 
exchange properties of essentially all metallic 
elements with the  objective of developing a gen- 
eral  ion exchange separations scheme. Anion ,and 
cation exchange methods are being explored in 
HC1, HN03, HC104, H2S04, and HF solutions 
and various mixtures of these acids. High-ionic- 
strength media a re  being stressed. Approximately 
six major ion exchange groups, which are expected 
t o  form the basis of a generalized scheme, have 
been evaluated. 

The  cation exchange behavior of U(V1) was 
studied in mixtures' of HC104, FINO3, HC1, and 
H2S04 solutions' a t  high ionic strength. The 
presence of small amounts of chloride affects 
the adsorbability of U(V1) greatly. Some of the 
unique features of the adsorbability of U(V1) a t  
high ionic strength can be utilized for a number 
of novel separations techniques. 

A large number of vanadates were found to  have 
interesting cation exchange properties. Zirconium 
antimonate was found to  be a cation exchanger 
with relatively unique selectivities. 

7. ELECTROCHEMICAL KINETICS AND ITS 
APPLICATION TO CORROSION 

By use  of tracer techniques, a study was made 
on the kinetics of ion exchange between the 
pass ive  surface.of iron or stainless s teel  and an 
aqueous solution. The results can be  interpreted 
mathematically by assumption of a linear variation 
in the  heat of activation with the extent of ex- 
change. 

I t  has  been shown that hydrogen penetration 
into the metal i s  a n  important factor in determining 
the electrochemical behavior of iron in acid 
media. Th i s  conclusion results from quantitative 
analyses of cathodic polarization transients on 
cylindrical eleccrodes, and from observations of 
the effects of hydrogen diffusion through an iron 
membrane electrode on the rates of the reactions 
occurring at the me tal-solution interface. 

An investigation of the dissolution of zirconium 
in aqueous solutions containing HF i s  underway. 
Pu l se  methods are  being used to obtain dissolu- 
tion ra tes  and kinetic parameters. The studies on 
pass ive  zirconium are being continued, with the 

application of current pulses in an effort to cal- 
culate film thicknesses from the capacities due 
to  the thin film present on the electrode surface. 

A model of the passive state on iron, developed 
on the basis of certain concepts of semiconductor 
theory and electrochemical kinetics, is  discussed 
in relation to experimental observations. The 
model predicts correctly the observed potential 
independence of corrosion rate in the passive 
region a s  well a s  the proper pH dependence of 
the corrosion rate. The assumption of a hole- 
catalyzed corrosion reaction accounts for the 
existence of the transpassive state and for the 
observed pH dependewe of corrosion rate i'n this 
region. The existence o f  a limiting potential 
analogous to the Flade potential follows directly 
from the model. , 

Measurements of the electrode potential and the 
differential capacity of the electrical double layer 
on electrolytic iron in C1-, Br-, I-, and so4" 
solutions show that specific adsorption plays an 
important role in the mechanism of corrosion in- 
hibition by halide ions. Electrode potentials and 
differential capacities were measured a s  a func- 
tion of time, acidity, and anion concentration. For 
the case  of inhibition by iodide ions, the data 
support an electrochemical desorption mechanism 
proposed previously for the explanation of tran- 
sient and steady-state polarization characteristics 
of iron in iodide solutions. 

8. NONAQUEOUS SYSTEMS AT HIGH 
TEMPERATURE 

The electrical conductivity of rare-earth metal 
solutions in their molten triiodides was found to 
reflect the stability of ~ d ~ '  and the instability. 
or nonexistence of ~ a ' +  and ce2', a s  first indi- 
cated by phase diagrams, with p r 2 '  exhibitin_g in- 
termediate stability. The entropies of fusion of 
the trihalides were determined calorimetrically 
and yielded, in conjunction with the phase dia- 
grams, a cryoscopic number n 2 3 for the dis- 
solution of the metals in the trihalides, corre- 
sponding either to  the reaction M + 2 ~ ~ '  -r 3M2+, 
a s  for Nd and, partially, Pr, or to the ionization 
M -r M3' + 3,-, a s  for La and Ce, and, partially, 
Pr. 

Large differences in the electronic conductance 
of pairs of systems such a s  K-KX and La-Lax3, 
involving sa l t s  of different stoichiometry, are ex- 
plained by the assumption that the electronic 



conductance is proportional not only to the con- 
centration of mobile electrons but a lso  to the 
concentration of the metal ions between which 
the electrons are being exchanged. 

The suggestion that electron exchange between 
~ d ' +  and ~d~~ contributes tc? the conductance in 
molten NdX -NdX2 mixtures was supported by 3 
measurements on molten NdC13-SrC12 and Nd13- 
Sr12 mixtures, in which a similar exchange i s  
not possible. 

The decrease in the rate of increase in elec- 
trical conductance with increasing metal con- 
centration in the alkaline earth systems CaBri-Ca, 
Ca12-Ca, and SrBr2-Sr i s  attributed, a s  in CaC12- 
Ca, to  the pairing of the mobile electrons, which 

2 t  - are present in dilute solution, to form M 2  Ions. 
The alleged existence, in molten CdC1 2-KC1 

mixtures, of a minimum in electrical conductance 
at the composition KC1 : CdC1 = 1 : 1, attributed 
to the formation of CdC13' ions, was ruled out 
by measurements at 460°, 500°, and 570% The 
data are in agreement with higher-temperature data 
of the literature and with the assumption of 
cdc14'- rather than CdC13- ions. An analysis 
of emf measurements by Russian investigators 
leads to the same result. 

Heat capacities over limited temperature ranges 
and heats of fusion were determined by means of 
a drop calorimeter for a number of rare-earth and 
alkaline-earth halides. SrBr2 and BaC12 undergo 
phase changes just below their melting points with 
fairly large heats of transition. Their high-tem- - 
perature forms are believed to have the fluorite 
type of structure characterized, a s  in CaF2  and 
SrC12, by an unusually low entropy of fusion, 
probably because a high degree of disorder occurs 
in that structure at elevated temperatures. 

9. CHEMICAL PHYSICS 

The  laboratories for paramagnetic resonance 
work were enlarged, and new spectrometers for 
studies a t  9000 and 23,000 Mc were assembled 
and put into operation. Progress was made in 
the design of a new cavity for extending work to 
liquid-helium temperature. 

The single crystal paramagnetic resonance 
parameters of NO2 in irradiated NaNO? and in 
irradiated KN03 were found to differ significantly. 
The differences are satisfactorily explained i f  
NO2 in KN03 is undergoing rapid reorientations 

between two mirror-related s i t e s  in a nitrate ion 
vacancy. Study of KN03 doped with nitrogen- 
labeled NO2' showed that NO2 is produced from 
NO2' by irradiation a t  77%. Studies of the pro- 
duction of NO2 suggest that NO2' i s  not produced 
in pure KN03 a t  77% but is produced after the 
irradiated sal t  i s  warmed. 

A paramagnetic resonance study of irradiated 
single crystals of hydrogen peroxide h a s  been 
reactivated. Conditions for forming three distinct 
spectra by ultraviolet irradiations have now been 
found. 

A paramagnetic species  exhibiting chlorine 
hyperfine structure and believed to be C102 has  
been studied in gamma-irradiated KC103. Machine 
computations were made in an attempt to fit the 
data to a spin Hamiltonian which included the 
quadrupole interaction. If Ba(C103)2 H 2 0  i s  ir- 
radiated a t  77% and then warmed to room tem- 
perature, a species  with a similar spectrum is 
formed. 

The crystal structure of chloral hydrate was 
determined to high precision by three-dimensional 
neutron diffraction methods. Complete details of 
the molecular structure and hydrogen bonding have 
been elucidated. 

Neutron diffraction measurements on NaCl, KC1, 
and RbCl single crystals have (1) demonstrated 
the consistency and precision of intensity meas- 
urements with the Oak Ridge automatic neutron 
diffractometer, (2) refined the  values for the nu- 
clear scattering amplitudes of the metals relative 
to C1, and (3)  yielded precise values of the 
thermal-displacement parameters in these crystals. 

X-ray diffraction studies of structure in molten 
alkali halides and aqueous solutions are con- 
tinuing. Work on liquid water and on aqueous 
Pb(OH)C104 i s  nearing completion. The data for 
water are consistent with a model based on the 
ordinary ice structure, with "interstitial" water 
molecules filling approximately half the ice  
structure cavities. The Pb(OH)C104 data were 
interpreted in terms of a model containing a 
tetrahedral arrangement of lead atoms, each lead 
atom having three other lead atom neighbors a t  
a distance of about 3.83 A. 

A program has been p;epared to plot contours 
of a two-dimensional density function using the 
California Computer Products model 570 magnetic 
tape plotter. 

An experimental computer program h a s  been 
prepared which will postulate crystal structures 



when given the unit ce l l  size,  symmetry, and 
number of molecules per cell. 

Several computer programs for crystallographic 
calculations were rewritten in FORTRAN lan- 
guage in order to  permit their use  on different . 
machines and t o  facilitate any modifications 
which may become necessary. 

Low-temperature heat capacity measurements on 
a third preparation of KZReBrG agree poorly with 
previous measurements. This  places a large un- 
certainty upon, the  calculated entropy; the revised 
value is ~ ' ( 2 9 8 . 1 6 ~ ~ )  = 108.0 f 1.5 ' ca l ' deg- '  
mole- 

T h e  heat of mixing in the molten-salt system 
LiF-KF was measured with the Bunsen ice  
calorimeter a s  a function of composition. The 
system exhibits energetic asymmetry and has  
a maximum heat of solution of about 1200 cal/mole. 

In a mass spectrometric s,tudy of both the 
catalytic decomposition of ammonia on platinum 
and i t s  radiolytic decomposition by 90-ev elec- 
trons, the  N H ~ '  ion was the most abundant tran- 
s ient  species  observed. 

The two-stage mass spectrometer was .developed 
into a highly sensitive and reliable instrument for 
the accurate determination of isotopic ah~lndance 
ratios. 

Studies on electron shake-off and molecular 
.fragmentation a s  the result of nuclear decay were 
reported in the Physics Division Annua1,Progress 
Report, ORNL-3268. 

In preliminary experiments with crossed mo- 
lecular beams of D and Hz  it was possible to 
observe part of the angular distribution of the 
product HD. If the results can be taken a t  their 
face value, they present an ambiguity concerning 
the distribution of the energy between various in- 
ternal modes. 

In the same apparatus, a surprising specularity 
was observed in the reflection of D2  and helium 
beams from a polycrystalline platinum foil. 

The differential surface-ionization detector for 
alkali metals and their compounds was revised.to 
eliminate ' previous difficulties caused by scat- 
tering from supporting members of the gage. A 
fast  surface-ionization detector with electron 
multiplier was constructed and found to  be .satis- 
factory for use with phase-sensitive detection. A 
velocity selector was a lso  built and tested. 
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1. Nuclear Chemistry 

REACTOR NEUTRON CROSS SECTIONS 

Thermal Cross Section and Resonance 
Integral of 

Joseph Halperin R. E. Druschel 
R. W. Stoughton A. E. Cameron 

R. L. walker1 

Eastwood and werner2 reported 39 f 5 and 
930 f 135 barns for the 2200-m/sec cross section 
% and resonance integral I (including the l/v 
"tail") of Since effective cross section 
measurements of p a  in the LITR and a graphite 
reactor indicated higher values3 than those com- 
puted from the results of Eastwood and Werner, i t  
appeared thatthere might be a low-lying resonance 
in the region 0.1 to 0.5 ev which might explain 
the discrepancy. In order to check this possibility 
and to redetermine the thermal cross sec- 
tion and resonance integral, reaction rates for 

neutron capture were measured inside and 
outside both gadolinium and cadmium filters by 
measuring the u ~ ~ ~ / u ~ ~ ~  ratios in the beta decay 
products. 

Bare and filtered samples of T h o  were irradiated 
in the ORR a t  thermal fluxes of about 1014 
n/(cm2 sec) for periods of 3 to 5 days. The cad- 
mium filters were 40 mils thick, which involves 
an effective cutoff of 0.55 ev; the gadolinium 
filters contained 80 mg/cm2 of Gd, which results 
in an effective cutoff of 0.2 ev. Dilute alloys of 
cobalt (0.1.51.% Co) and aluminum werc put with 
the samples a s  flux monitors. Flux computations 

' ~ n a l ~ r i c a l  Chemistry Division. 

2 ~ .  A. Eastwood and R. D. Werner, Can. I.  Phys. 
38, 751 (1960). 

3 ~ .  W. Stoughton and Joseph Halperin, Nucl. Sci. 
Eng. 6, 100 (1959). 

were based on values of 37 and 75 barns for the 
cobalt Do and I respectively. In general the pro- 
cedures and conventions used have been described 
previously. 

After the irradiations the samples were left to 
cool for about two weeks; subsequently the uranium 
fractions (several micrograms each) were separated 
from the mixture by anion exchange. The u2 3 4 / ~ 2  

ratios were determined mass-spectrographically 
with n 12-in. 2-stage mass spectrometer using 
thermal ionization and electron multiplier detectors. 

The ratio u ~ ~ ~ / u ~ ~ ~  obtained in a bare irradia- 
tion a t  constant flux i s  given by 

where 

In the above equations t is the irradiation timc, T 
is the cooling time, +th is the thermal flux, and 
the subscript 13 refers to Pa233.  Equation (1) 
holds for the filtered irradiation i f  dth and qff 
are replaced by +r (the epithermal flux per lethargy 
unit) and I respectively. Although a second-order 
reaction i s  involved, the equation assumes the 
usual form of (?,,/I) , = (+r /+th)(~.  R. - I), where 
C.R. is the ratio of the bare to the filtered ratios 
(U23*/U23'). 

Data from these irradiations are summarized in 
Tnblc 1.1, where the reported cross sections have 
been corrected for capture by u~~~ during irradia- 
tion. The mean thermal cross  section from the 
cadmium-filtered irradiations i s  48 + 5 barns. The 
corresponding 2200-m/sec cross section w0 is 
46 f 5 barns, on the assumption that obeys 
the l/v law in the thermal and cutoff regions. The - 

mean thermal and 2200-m/sec cross sections ob- 
tained with the gadolinium filter were both about 



Table  1.1. Irradiation Data for Cross Section Measurement 

Irradiation Cooling 
Fi l ter  $th l a  a "2200 

95th/4r Time Time / ( t , T )  N24/N23 "eff "th ( g  = 1) 
Material [n/(cm2 set)] (set) (set) (barns) (barns) (barns) (barns) 

"corrected. 
  are. 
C ~ i l t e r e d .  

43 + 5 barns. Since the values obtained with the 
two different filters are probably in agreement 
within the precision of the method, there must riot 

be any large resonance betwee11 thermal energics 
and the cadmiiiin cutoff (0.15 cv). 

The resonance integrals (including the l /v 
portion) measured with cadmium and gadolinium 
filters were 320 f 90 and 800 f 80 barns, respcc- 
tively. While these  two values agree within the 
overall estimated errors, the disagreement i s  
definitely outside the experimental precision. The 
lower value in the case  of the gadolinium filter is 
consistent with the fact that some of the gadolinium 
and resonances overlap. 4 

The values of 46 2 5 and 920 f 90 barns reported 
here for the 2200-m/sec cross section and reso- 
nance integral for cadmium filters compare favor- 
ably with the 33 f 5 and 930 f 135 barns reported 
by Eastwood and Werner. 

Activation Cross Section of the 

2.6 x lo6 yr ~i~~~ 

Joseph Halperin J. H. Oliver 

The thermal cross section and resonance Integral 
for the  reaction 

a 2.6 x 10' yr a 2.16 min 1 I' 
were measured using a cadmium-filter technique. 

Samples from two batches of bismuth containing 
Bi produced in reactor irradiations were used. 
Batch A contained 8.0 ppm Bi210; batch B, of 
different irradiation history ar~d calutron-concen- 
trated,' contained 0.268% Bi2". The bismuth 
samples were mounted on 7-mil polyethylene film 
and placed in polyethylene "rabbits." They were 
then irradiatcd in the pneumatic tube of the ORR 
with and without cadmium filters. In general i t  
was possible to retrieve the sample and transfer 
it to a 277 proportional alpha counter in times 

4 ~ .  B. Simpson and R. P. Schuman, "Cross Section 
Measurements o n  Radioactive Samples," pp 85-91 in ranging from 30 sec  to 2 min. only  the 2:16-min 
Proc. Symb. Neutron Time-of-Flinht Methods, Saclay. 
1961, eh.' by J .  Spaepen, . ~ u r o b e a n  Atomic ~ n e r g y  
Community (EURATOM), Brusse ls ,  1961; s e e  Neutron 
Cross  Sections, BNL-325 2d ed.  (July 1, 1958) for 5 ~ e  are indebted to J .  R. Huizenga of the Argonne 
gadolinium resonances.  National Laboratory for the u s e  of this  material. 



period of Bi211 (AcC) was observed over the 
length of time (about 15 min) that the decay was 
followed. Irradiated blanks gave no evidence for 
contributing to the background by beta and gamma 
1 1 pile up." After a period of hours to days, PO 

alphas could be observed a s  they were formed 
from the beta decay of the 5.0-day B i 2 l 0  (RaE). 

The ~i~~~ was assayedG by measurement of the 
alpha decay rate in weighed samples of either 
vacuum-evaporated bismuth metal or a BiON03 
solution precipitated under vacuum with NH , 
vapor. The spectrum was examined with a ~ r i s c i  
chamber and a multichannel analyzer and found to 
be sufficiently thin that self-absorption losses  
were negligible. 

The neutron flux was measured with a manganese 
monitor in an aluminum alloy containing 0.087% 
Mn. The computation was based upon the values 

of u~~~~ = 13.2 and 1 = 13.1 barns for forming 
2.58-hr Mn 5G. 

The data are summarized in Table 1.2. An 
average effective cross section of 0.063 barns for 
a flux ratio q5th/r$r = 25 was observed. The thermal 
cross section q5th was found to be 0.054 barn and 
the resonance integral 1 was 0.20 barn. These 
values are considered uncertain to +lo%. 

Effect ive Cutoff Energies for Cadmium, 

Gadolinium, Samarium, and Boron F i l te rs  

R. W. Stoughton Joseph Halperin 

Previous calculations of effective neutron cutoff 
energies for cylindrical and spherical filters of 
cadmium or boron have been extended to include 
gadolinium and samarium filters and slab-shaped 
filters by using a new program written for theIBM 
7090 computer.' The model assumed a point l/v 

6 ~ e  are  indebted to C. R. Baldock and L. E. Idoin for 
checking the a s s a y s  by mass  analysis.  They were  hem. Div. Ann. Progr. Rept. ]une 20, 1961, ORNL- 
found to be consis tent  with the radiochemical measure- 3176, p 2; a l so  s e e  ORNL TM-236 for more deta i ls  and 
ments. numerical resul ts  of the calculations. 

Toble 1.2. Irradiation Doto for the Reaction ~ i ~ ~ ~ ( n , ~ ) ~ i ~ ~ ~  

~ l u x e s ~  N211 
Sample ~i~~~ Irradiation chain Sample 

4 t h  4 r  9 f f  Of h 
I 

No. Weight Weight Time N210 (barn) (barn) (barn) 
(pg) (pg) [n/(cm2 seclI  [n/(cm2 sec)I (sec)  

Fil tered , 

3 1616 12.9 

' ~ a r n ~ l e s  1 and 3 were irradiated in the same geometry; samples 2, 4, and 5 in another. Flux ratios should be 
compared for samples  irradiated in the same geometry. 

b ~ a m p l e s  reirradiated (e.g., the three s e t s  of values  for sample No. 1 are forthree irradiations of that sample). 



detector inside the filter and a hlaxwellian plus a 
1/E epithermal flux, both isotropic with respect 
to the detector. The parameters varied were the 
Maxwellian temperature Tm(where Em = kT,), the 
ratio r of Maxwellian flux to 1/E flux per lethargy 
unit, the lower limit. C( of the 1/E flux, the filter 
thickness l o ,  and, in the case  of cylindrical 
filters, the height/diameter ratio. 

Also calculated were differential reaction rates 
v s  energy and the fraction FRACT of total reac- 
tions occurring below the cutoff, both of which 
give a measure of the filter efficiency. The 
effective cutoff was defined in terms of the cutoff 
of a perfect filter (infinitely sharp) which gave 
the same reaction rate, for the filtered sample, a s  
the filter actually used. 

In the cases  of cadmium and gadolinium the 
cross  sections were s e t  equal to Breit-Wigner 
expressions for the resonances a t  0.178 and 0.03 
ev, respectively. In the case  of samarium the 
resonance most pertinent to i t s  properties as a 
filter is that a t  0.0976 ev. However, because of 
other relatively near higher-energy resonances, 
particularly that a t  0.88 ev, the cross section 
does not continue to decrease a s  E - ~ ' '  above 
0.0976 ev, and the 0.88-ev resonance causes  a 

gadolinium, and samarium in which they considered 
only the beam flux and isotropic flux cases. On 
the assumptions made, these should be the same 
a s  the spherical and slab filters, respectively, of 
the current work. The agreement in all cases,  
except for samarium with isotropic flux (slab 
filter), was good - within about 5% in Ec. Since 
the cross-section parameters and certain aspects 
of the calculational procedures were not identical 
in the two calculations, the agreement i s  probably 
a s  good a s  should be expected. In the case  of a 
samarium slab, the current Ec results were higher 
by a maximum of about 20% than those of Hickman 
and Leng. This  discrepancy may result largely 
from the fact that Hickman and Leng did not in- 
clude a l/v term ( a s  did the current calculations). 
The inclusion of a l /v  term should increase the 
calculated values of Ec; the increase should be 
greater in the slab than in the sphere, ,because of 
the greater effective thickness of the filter (for 
given actual thickness). Thus the discrepancy is 
at least i n  the expected direction. 

Hickman and h en^' also varied the thickness of 
the l /v detector from essentially infinite thinness 
to near opacity, and found a maximum variation of 

perturbation on the filter properties. The cross 
section of samarium for most calculations was se t  
equal to a single Breit-Wigner expression (one UNCLASSIFIED 

ORNL-LR-DWG. 68346 
level: E, = 0.0976 ev) plus a l /v term; for corn- I I I I - 
parative purposes some calculations were con- 
ducted in which the cross  section was set equal 40 7 - - - - - - to the sum of two Breit-Wigner expressions (two - - - 
level: Er  = 0.0976 and 0.88 ev) plus a l /v term. - 

The boron cross section was s e t  equal to a l /v - 
term normalized to 755 barns a t  0.0253 ev. - 

Cutoffs and Fi l ter  Efficiencies. - Effective cut- T 
- 

offs and FRACT's are shown for the various filter - 

materials for a typical s e t  of conditions in Figs. 
1.1 and 1.2. As expected, boron is the poorest 
filter. Of the others, cadmium shows the lowest 
values of FRACT (i.e., the most efficient filter) 

- 

and the highest cutoffs, ror reasonable thicknesses. - - 
The effect on the cutoff Ec  of taking into account - - 
the resonance a t  0.88 ev in samarium is seen in 

0 to0 200 300 400 500 B,Gd 
Fig. 1.1. 200 400 600 800 4000 Sm 

Recently Hickrnan and t e n g 8  published a similar 400 800 1200 4600 2000 ~d 

calculation of effective cutoffs for cadmium, 1 ,  (mg/cm2) 

, Fig. 1.1. Comparative Values of Effective Cutoffs 

'6. D. Hickman and W. B. Leng, Nu=[. Sci .  Eng. for B, Cd, Gd, and Sm Cylindrical Filters (H/D = 2, 
12, 523 (1962). Em = 0.0253 ev, p = 5, r = 10). 
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Fig. 1.2. Comparative Values of F R A C T  (Fraction 
of Reactions Below Cutoff) for 8, Cd, Gd, and Sm Cy- 
lindrical F i l ters  (H/D = 2, Em = 0.0253 ev, p = 5, 
r = 10). 

only about lO%in Ec. Thus the effect i s  relatively 
small, and a correction could be made if necessary 
for thick detectors. 

Filter Thickness and Efficiency. - From a study 
of the differential ra tes  vs energy and filter thick- 
ness  an appraisal can be made of the desired 
thicknesses of the filters. For example, for cad- 
mium at  a thickness of 10 mils (Em = 0.0253 ev, 
r = lo), some 40% of the reactions result from 
Maxwellian neutrons below the cutoffs; a t  30 mils 
or thicker, only 7% of the reactions result from 
neutrons below the cutoff, and these are near the 
cutoff rather than near the Maxwellian maximum 
(E ). For gadolinium, samarium, and boron, re- 

"! actlons resulting from neutrons near the Max- 
wellian maximum become relatively unimportant 
a t  thicknesses above about 100, 500, and 300 
mg/cm2, respectively (although of course boron i s  
a poor filter a t  all  thickr~esses). 

In the c a s e  of gadolinium, i t s  resonance a t  0.03 
ev i s  only slightly above the value of Em even a t  
low values of the latter (around 0.025 ev). The 

low value of the resonance i s  desirable in pro- 
viding a cutoff near the lower limit of the 1/E 
flux (some 5 Em). However, i t  is undesirable in 
that the lower the cutoff the more Maxwellian 
neutrons are transmitted by the filter. 

Variation in the Lower LimitCc of the 1/E Flux. - 
westcott9 has  reported that experimental meas- 
urements in thermal reactors indicate that the 
1/E flux goes to zero a t  some 3 to 6 times the 
energy Em corresponding to the Maxwellian most 
probable velocity, and he discusses four different 
continuous expressions which go rapidly to zero 
with decreasing energy. 

In the calculations reported here, variation be- 
tween p = 3 and u = 5 for reasonable thicknesses 
of filters showed only a 1% change in Ec for cad- 
mium and only about 2% for the others. In going to 
C( = 10 and sti l l  using reasonable thicknesses, 
variations of 10% in Ec  were observed. Hickman 
and h en^' found only a 1% variation in Ec in 
going from p = 4 to p = 6. Hence i t  does not 
appear to be important to know the exact lower 
limit of the 1/E flux or to have a continuous 
function for i t s  termination. A sharp termination 
a t  p = 5 should be satisfactory. 

Additional Conclusions. - Cadmium with a 
thickness of ,30 or (preferably) 40 mils is perhaps 
the most useful all-around filter, with gadolinium a 
reasonably good second choice. Cylindrical filters 
are probably best for in-pile work. 

By the use of cadmium andgadolinium (and p e r  
haps samarium too) with their different cutoffs, 
i t  should be possible to detect resonances in the 
thermal-to-cutoff regions in an unknown sample. 

Thermal Neutron Cross Section and Resonance 
Integral of ~m~~~ 

Joseph Halperin R. E. Druschel 
C. R. Baldock 

A number of fission products of relatively high 
cross section occur in the rare earth region. Their 
cross sections are of particular interest in the 
problem of reactor poisoning. In the sequence of 
nuclides starting with pm14', successive neutron 

'c. H. Westcott, Eflective Cross Section Values /or 
Well-Moderated Thermal Reactor Spectra (3d ed. 
corrected) CRRP-960 INov. 1. 1960): also earl~eredl- 
tions: . c R R P - ~ ~ ~  (1956); addendum to CRRP-680; 
CRRP-787 (1958). 



capture in a high-flux reactor finally resul t s  i n  
~ d l ~ ' .  Therefore one  atom of fission product 
poison c a n  result  in the l o s s  of a number of neu- 
trons, thus multiplying the poisoning effect. The 
c ros s  section of Sm150 h a s  been measured and 
found to be  sufficiently low to effectively interrupt 
t hese  sequences which s tar t  at masses  147 and 
149, thus  limiting reactor poison losses .  

Several  samples of samarium oxide enriched in 
Sm150 to 96.3% were irradiated in the ORR with 
a cadmium ratio technique. lo  The irradiation tube 
contained a sample in a cadmium capsule a t  each 
end and an unfiltered sample in the middle; thus 
three samarium samples were irradiated simul- 
taneously. A cobalt  monitor in the form of a 
cobalt-aluminum alloy (0.159. Co) was placed o n  

each s i d e  of each samarium sample. Following 
L ~ I C  irradiation the  samples were exam~ned in a 
two-stage 12-in. m a s s  spectrometer using a thermal 
ionization source and electron multiplier detectors. 
Rat ios  of Sm l 5  50  were measured. 

Three runs were made ( s e e  Table 1.3), from 
about 40 to 91 hr in duration, on submilligram 
quanti t ies of Sm203. The flux measurements 
were based on cobalt  c ros s  sec t ions  of 0; 2 0 0  = 37 
barns and I = Ips 5r  ev u d E / E  = 75 barns. The  
speci f ic  ac t iv iues  of the cobalt monitors were 
compared with standards calibrated with 477 

'OK. W. Stoughton and J o s e p h  Halperin, Nucl. Sci. 
Eng. 6 ,  100 (1959). 

 h he authors are indebted to  L. E. Idom for h i s  aid 
in 111nking t h e s e  mensuiements. 

beta-gamma coincidence measurements. The 
samples in run B apparently stuck a t  a point short 
of the normal high-flux position in  the hydraulic 
tube. This  is evident from the flux measurement 
of about 2 x 10 l 2  n/(crn2 sec), which i s  almost 
100-fold l e s s  than its normal value, and is further 
at tested to by the lower mass ratio measurements. 
The smaller value of both the effective c ros s  
section ceff and the resonance integral I is attri- 
buted to the larger uncertainty in the massmeas- 
urements at the level  of 7 ppm, and these  values 
were not included in the final average. 

Due to the large c ros s  section of Sml i t ,  was 
necessary to take into account i t s  burnup in the 
cross  section computation. The computation was 
based on a;200 = 16,080 barns, I = 3450 barns, 
a i d  g(0.033 ev) = 0.85 a s  given by Westcott. 1 2  

The samples were sufficiently thin so  that no 
self-shadowing took place in the Sm l. 

The c ross  section conventions used have been 
described previously. lo  The thermal flux q5th i s  
taken a s  the Maxwellian component of the flux 
spectrum, and c $ ~  is the epithermal flux per unit 
In E. The effective cross  section i s  taken as 
the reaction rate divided by the thermal flux. The 
thermal cross  section o;h is the subcadmiurn re- 
action rate divided by thermal flux; that i s ,  

12c. H. Westcott, Effective Cross Section Values for 
Wall-Modernfed Thennal Reactor Spectra (3d  ed. cur- 
rected) CRRP-960 (Nov. l ,  196U). 

Table  1.3. Irradiation Data for ~m~~~ Cross  Section Measurement 

Sample Weight 
Irradiation 

R~~ (/& of S m 2 0 3 )  
~ m " ~ / ~ r n ' ~ ~  

Time at 4 t h  f f  q h  I 

No. No. ' No' 30 Mw (hr) [n/(cm2 sec) ]  t h r  (barns) (barns) (barns) 

(Bare) (Cd Filtered) (Bare) (Cd Filtered) 



An average effective cross section of about 120 
barns for Sml*O was observed in these  irradiations 
for a ratio of thermal to resonance flux of about 
11. An average thermal cross  section of 97  barns 
and a resonance integral of 255 barns were meas- 
ured. These  values are considered uncertain to 
f 10%. 

was calibrated by the 477 beta-gamma coincidence 
technique. A correction of 2.5% was applied for 
the difference in photopeak efficiency of the 
2.754- and 2.6 15-Mev gamma rays. 

Effective Capture Cross Section of c e l 4 '  
for Thermal Neutrons 

Half-Life of ~ i " '  
P.  M. Lantz  

Joseph Halperin R. W. Stoughton 
R. E. Druschel C. R. Baldock 

Bi208 h a s  been found by Millar et al. l 3  to  decay 
by orbital electron capture to the 2.615-Mev level 
in pb208  s o  that  a l l  decay transitions involve 
emission of this  gamma ray. A reactor-irradiated 
sample l4  of bismuth was sufficiently enriched in  
Bi208 by a calutron separationlS to  enable a mass 
spectrographic analysis. From measurement of 
the specific activity of the 2.615-Mev gamma ray 
in th is  sample, the half-life of this nuclide was 
estimated to be  (5.61 f 0.15) x 10 * years. 

The bismuth sample had a history of a one-year 
irradiation in the MTR. The  Bi208 is formed in the 
reactor through the reaction Bi 209(n, 2n)Bi 208 by 
neutrons in the f ission spectrum of energy greater 
than about 8 Mcv. Consequently i t  would be 
formed in low yield; in fact an effective cross 
section based on the thermal flux of -3 mb was 
observed, assuming a 20-mb cross  section for 
the formation of the 2.6 x lo6 year Bi210. 

The concentrated sample was found1' to contain 
184 f 4 pprn of B ~ ~ O * ,  compared with the 25 f 5 
pprn in the pile-irradiated sample. A measurement 
of the 2.615-Mev ganulla ray in 100.8 mg of the 
concentrated sample in the form of B i 2 0 3  yielded 
a specific activity of (1.39 f .03) x 10 dis/min 
of Bi208 per mg of bismuth. Calibmtion of the 
21/2 x 2 21/2 in. NaI crystal used was carried out using 
the 2.754-Mev photopeak of ~ a ~ ~ ,  which in turn 

13c. H. Millar, T. A. Eastwood, and C. J. Roy, Can. 
1. Phys. 37, 1126 (1959). 

1 4 ~ h e  authors are indebted to J .  R. Huizenga of 
Argonne National Laboratory for making this reactor 
sample available. 

l * ~ h e  authors are grateful to L. 0. Love and numerous 
associates for their generous aid in making this separa- 
tion. 
 he authors wish to thank L. E. Idom for his help 

in the mass measurements. 

Although Ce14 i s  formed in high yield (6.3%) 
in u~~~ fission,  a literature search revealed no  
measurement of its neutron capture cross  section. 
In th is  work the effective capture cross sec t ionof  
Ce l 4  was  determined by irradiating samples of 
Ce140 containing about 9 pprn Ce142 in the MTR 
for periods of 113 and 222 days. The Ce142  formed 
by two success ive  neutron captures was  deter- 
mined both by activation and by mass analysis .  

The irradiations were carried out in the L-45 
position of the MTR, where the thermal flux i s  
3.43 x 10 l4  neutrons cm- sec-  l. The average 
ratio of thermal flux to resonance flux per In E 
interval was  about 12. This  is based on a cadmium 
ratio of 7.25 for a 600-Mwd cycle at a 40-Mw power 
level. The samples were monitored with cobalt  
in a Co-A1 alloy (0.15% ~ 0 ~ ~ ) .  'fie values of 
36.7 (ref 17) and 75  (ref 18) barns for the thermal 
cross section % and resonance integral I of 0 
cobalt and the value of 0.0253 for the peak E m  in 
the Maxwellian neutron spectrum were used in 
the determination of the flux ratio 4th/4r. 

Mass spectrographic analys is  l9 of the ~e 140 
irradiated 113 days  showed an increase to 35.5 
pprn a t  the 142 mass  position and the sample 
irradiated 222 days  showed 187 pprn (both relat ive 
to ce140). After the  tetravalent cerium had been 
exhaustively purified by extraction with di(2- 
ethylhexyl) .phosphoric ac id  in n-heptane, the 
abundance a t  the 142 mass  position had dropped 
to 32 pprn and 116 ppm, respectively, indicating 
that a secondary process such as neutron capture 
by pr14' ,  the daughter of 32.5-day ce141,  had 
contributed mass  142. 

I'D. J .  Hughes and R. 8. Schwartz, Neutron Cross 
Sections, BNL-325, 2d ed. (July 1, 1958). 

"F. J. Johnston, Joseph Halperin, and R. W. Stough- 
ton, J. Nucl. Energy: Pt A, 11, 90-100 (1959). 

19performed by C. R. Baldock and L. E. Idom. 



The ~e~~~ content in the purified ce140 sample 
was confirmed by neutron activation, by irradiating 
in the LITR with natural cerium monitors. The 
3-min ~e~~~ produced by ( n , y )  reaction on ~e 1 4 2  

was determined by following the decay of the 
separated 13.8-day ~r~~~ daughter for several 
half-lives with a 477 beta counter andextrapolating 
back to the time of removal from the reactor. This  
analys is  showed that the ~e~~~ contents of the 
init ial  C e  140 and of the C e  140 irradiated 113 days 
in  the MTR were 12 and 34 ppm, respectively. 

The data necessary for the determination of 
the effective neutron capture cross section of 
c e 1 4 '  were programmed20 for the IBM 7090 com- 
puter. In developing the program, the radiatiou 
time represented reactor operation time a t  full 
power (40 Mw). Consideration was a lso  given 
to the beta decay of Ce14 '  during reactor shut- 
down. In this determination a 32.5-day half-life 
for Ce14 '  and a 0.59-barn thermal neutron capture 
cross  section2'  for ce140  were used. Since no 
information could be  found on the resonance ab- 
sorption integral for Ce140, several measurements 
were made in the LITR using pure ce140  and are 
reported separately. The value of 0.48 barn for 
the resonance integral2' of c e 1 4 0  was used in 
the determination of the 0.63-barn effective neutron 
capture cross section <ff for c e 1 4 0  in the MTR. 
An effective c ross  sectlon of 3U f 5 barns was 
found for ce141 .  

Since mass analys is  of the ce140  irradiated 
222 days  showed a reduction of 7 1  ppm a t  the 142 
mass position after the Ce(IV) purification, a 
check was made to determine whether the difference 
was  consistent with the published values. On the 
assumption that the 7 1-ppm dif ference a t  the 142 
mass position was  due to the reaction 

Thermal Neutron Absorption Cross Section 
and Resonance Integral of ce140 

P. M. Lantz 

Since a value for the lo of ce140 was unavail- 
able, yet  essential  for the determination of the 
qff. of ce14 ' ,  and a pure source of ce140  was 
available, both the dth and the lo of Ce140 were 
measured. Several samples of ~e 1 4 0 0 2 ,  the same 
source material used in the c e l 4 '  cross section 
measurement, were irradiated in  the LITR with 
cobalt and gold monitors, both with and without 
(40 mil) cadmium filters. The c e 1 4 1  produced 
was determined by 417 beta-gamma coincidence 
counting. Values of ofh = 0.59 barn and 1, =0.48 
barn were measured. The conventions used in 
these determinations have been discussed by 
Stoughton and Halperin. This thermal cross 
section may be compared with a value of 0.31 + .07 
barn measured by Katcoff et al. 2 6 

FISSION STUDIES AND CHARACTERIZATION 
O F  LOW-ENERGY PROPERTIES OF NUCLEI 

27 
Decay of pmlS0  

The preliminary investigation29 of radiations 
from 2.7-hr PmlsO has  been extendid with the 
aid of additional single-crystal and coincidence 
scii~til.l ation spectrometry experiments. 

Gamma-ray spectra taken with a 3 x 3 in. Nal: 
scintillation spectrometer disclosed gamma rays 
with energies in Mev (and relative intensities) 

in the  MTR, the effective cross section for pr141 
would be '1.1 barns. The effective cross section 
for p r14  in the MTR determined from the values 
+th/q5r = 12.4, qh = 10.8 and lo = 11.3 
barns23 would be  11.7 + 0.4 barns by the formula24 

2 0 ~ y  R. W. Stoughton. 

21~eported in the section, "Thermal Neutron Absorp 
tion Cross Section and Resonance Integral of Ce140p' 
(this chapter). 

2 2 ~ .  J .  Hughes, B. A. Magurno, and M. K. Brussel, 
Neutron Cross Sections, BNL-325, 2d ed., suppl I. 
(Jan. 1, 1960). 

2 3 ~ .  D. Garrison and B. W. Roos, Nucl. Sci. Eng. 
12, 115 (1962). 

2 4 ~ .  W. Stoughton and Joseph Halperin, Nucl. Sci. 
Eng. 6 ,  100 (1959). 

2 5 ~ .  W. Stoughton and Joseph Halperin, Nucl. Sci. 
Eng. 6, 100-118 (1959). 

26~eutron Cross Sections, BNL-325. 2d ed. (1958). 

27~bstract  published in Bull. Am. Phys. Soc. 7, 352 
(1962). 

28~uclear  Data Project, National Academy of 
Sciences. 

2 9 ~ .  B. Gove and G. D. 09Kelley, Chem. Div. Ann. 
Progr. Rept. June 20, 1960, ORNL-2983, p 4. 



of 0.333 (loo), 0.407 (lo), 0.59 ( 9 ,  0.72 ( l l ) ,  . previously ~ u b l i s h e d  value.33 The present energy 

0.84 (30), 0.88 (12), 1.02 (4), 1.18 (32), 1.23 (7), is in accord with the systematics of Way and 
1.330 (31), 1.625 (2.6), 1.75 (14). 1.96 (3.5), wood-34 
2 0 7  (1.7), 2.2 (0.8), 2.41 (0.35). 2.53 (1.3), 2-75 
(0.4). 2.91 (0.5), and 3.08 (0.16). Gamma-ray 
spectra were recorded in coincidence with the 
gamma-ray peaks a t  0.333, 0.407, 0.85, 1.18, 
1.23, 1.33, and 1.75 Mev. Three gamma-beta 
coincidence experiments were performed, in which 
gamma-ray spectra were recorded in coincidence 
with beta rays of energy greater than 1.1, 1.4, and 
1.8 Mev. 

Frrrni analyses of beta-ray spectra recorded 
with an anthtacene scintillation spectrometer 
yielded beta components a t  3.16 f 0.08 Mev, 
2.28 f 0.08 Mev, and lower energies. Additional 
information was obtnined on the energies of the 
beta groups and their places in the decay scheme 
by a series of beta-gamma coincidence experi- 
ments, in which beta-ray spectra were measured 
in coincidence with peaks a t  0.333, 0.407, 0.84, 
1.18, 1.33, and 1.75 Mev in the gamma-ray 
spectrum. The single-crystal and coincidence 
results identified the following beta groups with 
energies in Mev (and intensities) of 1.4 (8%), 
1.8 (19%), 2.28 (36%), 2.77 (weak), and 3.16 (16%). 
The remaining beta-ray intensity is associated 
with unresolved beta groups which decay to some 
of h e  higher energy levels. 

The decay scheme shown in Fig. 1.3 is consist- 
ent with most of the information available from 
this investigation. The levels in ~m 50 a t  0.333, 
0.743, 1.18, 1.66, 1.96, 2.07, 2.41, and 3.08 Mev 
were established by means of the coincidcncc 
data. The remaining level assignments must be 

Decoy of 

R. L. ~ o b i n s o n ~ ~  N. R. Johnson 
E. Eichler 

A previous investigation36 of 2.3hr by this 
group established many of the properties for nine 
low-lying levels in ~ e ~ ~ ~ .  Since a study of Cs 132  

would be expected to disclose additional informa- 
tion about levels of Xe 132, an investigation of i t s  
gamma rays was undertaken. This type of informa- 
tion provides a test  of the numerous nuclear 
models that have been proposed to explain the 
properties of low-lying levels of even-even, medium- 
weight nuclei. It should also prove useful in the 
future development of these models. 

The sources used in this study were pre- 
pared with the ORNL 86-in. cyclotron by means of 
the nuclear reaction cs (p, pn)Cs 32. Gamma- . r  

ray spectra were measured with 3 x 3 in. NaI crys- 
tals; the singles intensities are shown in Table 1.4. 
From. the rate of decay of the intense 669-kev 
gamma ray, the half-life of was computed 
to be  6.54 f 0.03 days. 

Coirlcidence measurements were made with the 
single-channel analyzer gating on the 464-, 509-, 
669-, 1139-, and 1319-kev gamma rays. In Table 
1.4 we show, for each designated transition, the 
intcnsity of the gmnma ray(s) in coincidence with 
ellr gating gamma ray of interest. The coincidence 
intensities have been corrected for contributions 

considered only tentative at present. Several of from Compton scattering caused by entrance of 
the low-lying levels in Sm15' seen in th is  investi- higher-energy gamma rays through the single- 
gation correspond to levcls observed in Eu15' channel window and for the angular correlation, 
decay3', in the Sm149 neutron-capture gamma-ray when known, between the coincident gamma mys. 
spectrum, and in nuclear reactions. 3 2  Energy levels and transitions of xe13' and 

The disintegration energy for ~ m l ~ '  is 3.50 f ~a 132 compatible with the results of Table 1.4 
0.08 Mev, which is about 1.5 Mev lower than the are illustrated in Fig. 1.4b. Levels of ~e~~~ with 

3 0 ~ .  Harrnatz, T. H. Handley, and J. W. Mihelich, 
Phys. Rev. 123, 1781 ( 9 6 1 ) .  

3 1 ~ .  K. Smither, Bull. Am. Phys. Soc. 7, 316 (1962). 

3 2 ~ .  A. Kenefick and R. K. Sheline, Paper D2 pre- 
sentedat the Meeting of the Southeastern Section of 
the American Physical Society, Florida State University, 
April 5-7, 1962; abstract to be published in the Bulle- 
tin of the American Physical Society. 

3 3 ~ .  K. Fischer and E. A. Remler, Bull. Am. Phys. 
Soc. 3, 63 (1958). 

34~atharine Way and Marion Wood, Phys. Rev. 94, 
119 ( 1  954). 

3 5 ~ h y s i c s  Division. 
3 6 ~ .  L. Robinson E. Eichler, and N. R. Johnson, 

Phys. Rev. 122, 18d3 (1961); Chem. Div. Ann. Ptogr. 
Rept. June 20, 1960, ORNL-2983, p 3. 
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Fig. 1.3. Decay Scheme Proposed far ~ m " ~ .  The pair of numbers shown for each gamma ray gives i t s  energy 

in  Mev and i ts re la t ive  intensity. The numbers shown for each beta-toy transition give the energy in  Mev, thc 

intensity, and the log ft value. 

energies l e ss  than 2.0 Mev and populated by 
have been included in Fig. 1 . 4 ~  for comparison. 
The numbers shown with each gamma ray desig- 
nate the energy and relative intensity, whereas 
those 'shown for the decay by electron capture, 
positron emission, and beta-ray emission give the 
relative intensity and log ft value. These log f t  
values are based on an energy separation of 1.48 
Mev between cs 1 3 2  and the 0.669-Mev level of 
Xe 132. This energy difference was calculated3' 
from the ratio of decay by electron capture to that 
by positron erni ssion. 

The coincidence experiments showed that the 
464- and 1035-kev gamma rays were not associared 
with xe13*  levels, and yet their .half-lives link 
them with the decay of They are therefore 
assigned a s  transitions in ~ a ~ ~ ~ .  The energy of 

' t h e  464-kev transition is consistent w.ith the value 
of 470 + 7 kev reported by ~a~~~~ for n Coulomb- 

- 

3 7 ~ u g e n e  Feenberg and George Trigg, R e v s .  Mod. 
P h y s .  22, 399 (1950). 

3 8 ~ .  W. Fagg, P h y s .  Rev .  109, 100 (1958). 



Table 1.4. Cesium-132 Gamma-Ray Energies and Relative Intensities 

The in tens i t ies  are normalized to a value of 1000 for the 669-kev gamma ray in the s ingles  spectrum 

Singles Intensit ies in Spectra in Coincidence with Gating Gamma 
E 

.Y Spectrum Rays  of Indicated Energies 
(kev) 

Intensit ies 464 kev 509 keva 669 kev 1139 kev 1319 kev 

a ~ h e  in tens i t ies  arc for the spectrurii taken with 6 = 90? 

b ~ h i s  gamma ray i s  believed t o  result  from coincidences with the 1304-kev gamma ray. 

UNCLISSIF IEO 
ORNL-LR-OWG 65874 

Fig. 1.4. (a)  Transitions and Energy,Levels of ~e~~~ Below 2.0 Mev in  the Decay of 1132 as Previouqly Re- 

ported (ref 36); ( b )  Transitions and Energy Levels of xe13' and Ba132 i n  the Decay of ~ 2 3 ' ~ ~ .  The pair of numbers 

wi th  each gomma ray gives i t s  energy i n  kev and i ts  relat ive intensity. Those pairs of numbers shown for decay 

by electron capture, beta-ray emission, and positron emission give the relat ive intensities and log / I  values. 



excited 2' level of ~ a ~ ~ ~ .  Coincidences between 
this gamma ray and a weak 569-kev transition 
establish a second level in ~a~~~ at  1034 kev. 
Additional evidence for this latter level is pro- 
vided by the 1035-kev gamma ray. 

Gamma-gamma angular correlations were meas- 
ured for each gamma ray coincident with the 669- 
and 464-kev transitions. Data were taken every 
lo0 between 90' 'hnd l80.O 'and were fitted by the 
method of least  squares to the equation W(8) = 1 + 
A 2 P  2 ( ~ ~ ~  8) + A 4P  4 ( ~ ~ ~  8) on an IBM 7090 com- 
puter. These measurements led to the spins 
assigned for the 1300-, 1808-, and 1988-kev levels 
in ~e~~~ and for the 1034-kev state in ~a 132. 

UNCLbSSIFIED 
ORNL- LR-DWG 54411R2 

0.673 Z t  2 t  2 t  21 21. 2 t  2 t  2 t  
Although in Fig. 1.4 the energies of the (1988 f 

12)-kev level populated by C s  132 and the ( 1966 k 
15)-kev level populated by 1132 are in reasonable 
agreement, their spins and the branching ratios of 
gamma rays from them are  different. Therefore, i t  o t  o t  oc O+ oc O+ O+ o t  

is concluded that  they are  not the same level. E(Mrv)  xeI3' V i b  S W D D 
AN0 AND AND AND 

W J  F C 

We have previously compared . the levels  of 
Xe132 populated by I 132  with levels  predicted by 
various nuclear models. 36 This  comparison, which 
i s  reproduced in  Fig. 1.5, includes the information 
about the 1300-, 1808-, and 1988-kev levels  ob- 
tained from the present study of C s  2. As pointed 
out before, the second 2' And the first 4' levels  
can be explained by all models39-44 except that 
of Davydov and ~ i l i ~ ~ o v .  However, none of the 
models can account for a l l  four levels between 
1.8 and 2.1 Mev. It is possible that a low-lying 
0' level a s  predicted by several of the models 
does exist. Neither nor would be 
expected to populate a level of this spin with 
sufficient intensity to be observed. 

Fig.  1.5. Comparison of the ~e~~~ Leve ls  w i t h  

Leve ls  Predicted by the Pure Vibrat ional  Model ( V i b )  

and by Nuclear Models of the Fol lowing Investigators: 

Scharff-Goldhaber and Weneser (5 and W), Wilets and 

Jean (W and J), Davydov ond Fi l ippov ( D  and F) ,  Raz  

(R), Davydov and Choban (D and C) ,  and Mallmonn 

(M). These models are discussed i n  refs 39-44. The 

parameters which were used are given i n  ref 36. 

Yields and Half-Lives in the Mass-99 
Fission-Product Chain 

D. E. ~ r o u t n e r ~ ~  R. L. Ferguson 
G. D. O'Kelley 

Experiments described pre.viously46 have given 

39~ertrude Schatff-Goldhabet and J.  Weneser, Phys. some evidence for the existence of un'reported 
R e v .  98, 212 (1955). isomers of z r g 9  and/or ~ b ~ ~ .  Additional experi- 

40~awrence Wilets and Maurice Jean, Phys. Rev .  ments have now been performed in which zirco- 
102, 788 (1956). 

. . nium was rapidly separated from both niobium and 
4 1 ~ .  S. Davydov and G. F. Filippov, Nucl .  Phys. 8, 

237 (1958). 

4 2 ~ .  J.  Raz, Phys. R e v .  114, 11 16 (1959). 
'*ORINS Research Participant, 1960 and 1961. Per- 

4 3 ~ .  S. Davydov and A. A. Chaban, Nucl .  Phys. 20, manent address: University of Missouri, Columbia. 
499 (1960). 

4 6 ~ .  E. Troutner and R. L. Ferguson, Chem. Div.  
4 4 ~ .  A. Mallmann, ~ u c l .  Phys. 24, 535 (1961). Ann. Progr. Rept .  J u n e  20, 1961, ORNL-3176, p 6. 



molybdenum, foll'owing brief thermal-neutron irradia- 
tions of u~~~ solutions. The zirconium was 
separated by coprecipitation with Fe(OH)3 in an 
NH40H-H202 medium. The results of these ex- 
periments are shown in Fig. 1.6, with data from 
the earlier work, in which a zirconium-niobium 
fraction was separated from molybdenum. 

It is apparent that the upper curve of Fig. 1.6 
(labeled Zr + Nb) represents primarily the decay of 
niobium precursors of M O ~ ~ ,  since the lower curve 
("Zr only") is a t  a l l  times <5% of the Zr + Nb 
curve. The 140-sec half-life obtained for the 
longer-lived niobium component is in good agree- 
ment with the published value47 for ~ b ~ ~ .  The 
10-sec activity is due to a previously-unknown 
isomer of ~ b ~ ~ ,  which has  been found to decay 
directly to ~o~~ in a t  least  65% of i t s  disintegra- 
tions. Attempts to observe gamma radiation from 
this isomer in rapidly separated niobium fission 
products were inconclusive, because of the rela- 
tively long time (-60 sec) between irradiation and 
counting and because of the very complex spectra 
of thc short-lived nioLiur11 fission products. The 
ordinate intercept of the upper curve gives the 
total fractional cumulative yield of both ~b~~ 
isomers (0.94 f O.11), which i s  consistent with the 

predicted48 value (-0.99). Unfortunately, this 
result i s  not accurate enough to test  the postulated 
preference for a 50-42 proton division in uranium 

49 fission. 
The 75-sec half-1if.eobtained from the "Zr  only" 

data of Fig. 1.6 does not agree with the published 
value47 (35 sec) for the half-life of ~ r ~ ~ ,  and the 
fractional cumulative yield (0.019), given by the 
ordinate intercept of the curve, i s  in disagreement 
with the predicted48 yield (-0.80). In addition, 
control experiments with ~b~~ tracer showed that 
a t  least  2% of the niobium was carried by zirco- 
nium-iron hydroxide precipitate. Therefore, since 
i t  is probable that the ~0~~ observed in the zirco- 
nium fraction was due to ~b~~ contamination, the 
data from these experiments provide no evidence 
for a 35-sec zirconium precursor of ~ 0 ~ ~ .  Tf i t  is 
assumed that the predicted yield is correct (i.e., 
assume ordinate intercept = 0.80), then the upper 
limit of the ~r~~ half-life is 1.6 sec, a s  calculated 
from the minimum amount of observed a t  the 
earliest separation time (9 sec). However, the 
~0~~ activities determined for separation times of 
13, 24, and 27 sec  were equal, within experimental 
error, to that found a t  9 sec,  indicating that only a 

small part of the observed could be due to 

4 8 ~ .  C. Wahl et  al., P h y s  R e v .  126, 1112-27 (1762). 
4 7 ~ .  J. Orth and R. K. Smith, 1. lnorg. Nucl. Chem. 

IS, 4 (1960). 4 9 ~ .  C. Wahl, I .  Inorg. Nucl. Chem. 6, 263 (1958). 

TIME OF SEPARATION ( s e c )  

Fig.  1.6. Fraction of the Mass-99 Fission-Product Chain Present as ~b~~ ot Various Separation Times Fol -  

lowing irradiation. 



decay of a short-lived ~ r ~ ~ .  Therefore, the half- 
l i f e  of ~r~~ may be much l e s s  than 1.6 sec. 

Survey and Evaluation of u~~~ 
Fission-Yield Data 

R. L. Ferguson .G. D. O'Kelley 

A comprehensive literature survey has  been 
made to ascertain the status of data on u~~~ 
fission-product yields. The various experimental 
determinations were evaluated, and the most recent 
mass-spectrometric results were used a s  a basis  
for deriving a se t  of preferred yields. These 
resul ts  were compared with values reported in 
two other recent c ~ m ~ i l a t i o n s , ~ ~ ~  and, for yields 
> 1%, the three groups of values agreed with an 
average deviation of <5%. A reportS2 has  been 
prepared which outlines the procedure used in 
obtaining these selected yields and includes a 
tabulation of a l l  published u~~~ thermal-neutron- 
induced fission yields, an extensive l i s t  of refer- 
ences, and some recommendations concerning 
additional experimental work. 

Level Structures of Ge7', ~ e ~ ~ ,  Ge7', 
and ~e~~ from the (d ,p )  Reaction 

R. J .  Silva E. Eichler 

Separated isotopes of germanium were bombarded 
with 5.2-Mev deuterons from theORNL 5.5-Mev Van 
de Graaff accelerator. The energy spectra of 
proton groups leading to excited levels in Ge7', 
~ e ~ ~ ,  ~ e ~ ~ ,  and ~e~~ LIP to approximately 1 Mev 
were obtained through the use  of a silicon surface- 
barrier detector. For the highest-energy proton 
group from ~ e ~ l ,  ~ e ~ ~ ,  ~ e ~ ~ ,  and Ge7', Q values 
of5.140 +-0.050, 4.429 f 0.050, 4.200 f 0.050, and 
3.554 f n.flfio Mev, respectively, were determined. 
The first three of these values are in agreement 
with published Q values for ground-state transi- 
tions. 5 3  Within the measured resolution of  he 

5 0 ~ .  Kaccoff, ~ucleonics  ;8(11), 201 (1960). 
5 1 ~ .  H. Walker, Yields and Effective Cross Sections 

of Fission Products and Pseudo-Fission-Products, 
CRR P-9 13 (March 1960). \I 

5 2 ~ .  L. Ferguson and G. D. O'Kelley, A Survey and 
Evaluation of u~~~ Fission Yield Data, ORNL CF-62-3- 
71, to be published as ORNL-3305. 

5 3 ~ .  A. Koenig, J .  H. E. Mattauch, and A. H. Wapstra, 
Nuclear Data Tables, 1960, Part 2, National Academy 
of Sciences - National Research Council, Washington, 
1961. 

system (30-35 kev fwhm), proton groups corre- 
sponding to all previously known levels were ob- 
served, with the exceptions of the 139-kev level 
in ~e~~ and the ground state in ~ e ~ ~ .  These two 
levels have assigned spins of 7/2+. They are prob- 
ably multiparticle s ta tes  arising from coupling 
of an odd number' of g neutrons to give a 

9 /  2 
resultant spin of T2. One would then not expect 
transitions to these levels, a s  d,p stripping would 
be shell-model forbidden. The Q values for proton 
groups leading to newly observed levels were: for 
Ge71, 4.625, 4.071 Mev; for ~ e ~ ~ ,  3.939, 3.789, 
3.550, 3.417 Mev; for ~ e ~ ~ ,  4.158 (?), 4.005, 
3.959, 3.894, 3.627, 3.535, 3.335 Mev; for ~ e ~ ~ ,  
3.484, 3.218, 3.092, 2.844, 2.709, 2.494 Mev. The 
relative error between the Q values for a given 
isotope i s  f10 kev. A typical spectrum is shown 
in Fig. 1.7. 
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NUCLEAR SPECTROSCOPY 

Semiconductor Detector Measurements of 

~e~~~ Radiations 

A. R. Brosi B. H. Ketelle 
E. sakaiS4 

Tlie e l~~pl ias is  in this work has  been on the 
application of semiconductor detector measure- 
ments to decay-scheme studies. The detectors 
used were lithium-drifted,' silicon diodes made in 
the Instrumentation and Controls Division; in 
general, they had a resolution (full width at half 
maximum) of about 8 kev for the Cs13' K-conver- 
sion electrons. 

Monoenergetic electrons were focused on semi- 
conductor detectors with an electrostatic or a 
thin-magnetic-lens spectrometer. The pulse-height 
distributions obtained with lithium-drifted diodes 
showed that electrons with energies up to about 
700 kev were counted with constant efficiency. 
Although some high-energy electrons lost  their 
full energy by scattering within the detector, the 
most probable energy loss  in the detector was 
approximately 700 kev. Because of scattering, 
these detectors could be used for electron energy 
measurements up to about 2 Mev, but intensity 
measurements required calibration in the energy 
region above 700 kev. In the case  of electrons 
with energies below 700 kev, the pulse-height 
distributions had a peak with a relatively flat 
region on the low-pulse-height side, which resulted 
from backscattering with partial loss  of energy in 
the detector. The counting rate per channel in 
the flat region was about 1% of the counting rate 
per channel a t  the peak. 

In the work on Ce135, C e 2 0 3  with the isotopic 
composition 30% ~e 13', 0.7% ~e 13*, 65.2% Ce 140, 

5 4 ~ u e s t  from Japan Atomic Energy Research Institute. 

and 4.1% Ce 14* was bombarded with 22-Mev pro- 
tons in the O W L  86-in. cyclotron. The initial 
products were largely 22-min ~r~~~ and 4.5-hr 
p r  139. These decayed to 18-hr Ce 135 and 140-day 
Ce 139. The Ce  135 was separated after decay of 
the 22-min ~r~~~ parent by solvent extraction of 
tetravalent cerium from trivalent praseodymium 
nnd lanthanum. The chief impurities, 140-day 
~e~~~ and 20-hr ~ a ~ ~ ~ ,  did not interfere with 
most measurements until after the Ce13> had 
decayed through several half-lives. 

A semiconductor detector was used to measure 
the conversion-electron spectrum of Ce  5. Be- 
cause of the high resolution, many more l ines  
were present than were found in the scintillation 
counter gamma-ray spectrum. In those cases  
where the gamma rays were resolved, conversion 
coefficients were computed. In some cases  there 
was ambiguity a s  to whether a line was due to 
K- or L-shell conversion. I t  was possible to  
resolve the uncertainty by the use of photo- 
electron spectra obtained with gold or lead radia- 
tors, which gave photoelectron peaks with 25 to 
50% poorer resolution than the conversion-electron 
peaks. In spite of the resolution loss  caused by 
use of relatively thick radiators, the semiconductor 
detector with aradiator gave much better resolution 
of gamma rays than a scintillation detector. 

Coincidence measurements were made using a 
semiconductor detector for conversion electrons 
and a scintillation counter for gamma rays. Gamma- 
gamma coincidences were also measured using 
two scintillation detectors. 

On the basis  of an incomplete analysis of the 
data, a tentative decay scheme has  levels a t  
0.266, 0.300, 0.486, 0.609, 0.786, 0.872, 0.970, 
1.14, 1.46, and 1.76 Mev. It is hoped that a more 
complete analysis of the data will lead to a more 
detailed energy-level scheme and permit the 
assigi~~iexit  of spins and parities to some of the 
l eve1 s. 



2. Isolation and Chemical Properties 
of Synthetic Elements 

CHEMISTRY OF TECHNETIUM 

Rhenium Species Derived from Rhenium(V) and . 
Rhenium(V1) in Concentrated Sulfuric Acid 

R. H. Busey 

This  paper briefly describes a spectrophotometric 
study of a number of rhenium species in aqueous 
or organic solution which may be prepared from 
Re(V) and Re(V1) in 18 M H2S04.  The preparation 
and properties of, and equilibria between, the 
penta- and hexavalent species in 18 M H,S04 have 
been described. This work h a s  been preliminary 

I 
to a similar study to be made on oxidation s ta tes  
of technetium above Tc(1V). 

Hexavalent Rhenium Chloride Complexes. - Ob- 
servation of the spectra of solutions obtained by 
the controlled addition of C1- (HC1 or NaC1) to a 
solution containing the maximum concentration of 
hexavalent rhenium in 18 hl H2S04 revealed the 
existence of at leas t  three Re(V1) chloride species. 
The first readily recognized species,  with a strong 
absorption band a t  5300 A, developed to  a maxi- 
mum a t  a Cl/Re ratio of 5 to 6. Before this species 
fully developed, a second, with an absorption band 
a t  4200 A, began to  form at Cl/Re > 5. At Cl/Re > 
25, a third species began to develop, with an ab- 
sorption band at 4360 A. This third species was 
apparently fully developed at Cl/Re '" 75, giving 
a molar absorbancy of 3900 a t  4360 A. (Some 
chloride complexes containing l ess  C1- than the 
species with an absorption band a t  5300 A probably 
exist ,  a s  shown by a shift in the wavelength of 
the maximum absorption a s  Cl/Re was increased 
from 1 to 4.) The spectra demonstrated that each 

of the above complexes readily dissociates into 
the next lower chloride-containing complex. 

The highest chloride-containing complex, with 
an absorption maximum at 4360 A in 18 M H,S04, 
i s  readily extracted into. CC14 or CHCl in wliicl~ 

3' 
the species shows an intense, sharp absorption 
band a t  4400 A with a molar absorbancy of 4500. 
The spectrum in CC14 i s  given in Fig. 2.1. The 
stability of the complex in the organic solvent i s  
shown by the fact that i t ,  and i t  alone, is extracted 
from a solution of Re(V1) in sulfuric acid con- 
taining insufficient C1- to form the highest 
chloride-containing species (i.e., containing only 
the 5300- or 4200-A-absorbing species). 

UNCLAQSIFIEO 
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Analysis ,of the spectrophotometric observations 
of the SnS04 reduction of Re(VI1) in 18 M H2S04 
in the presence of excess HC1 (Cl/Re '" 75) re- 
vealed that the Re(VI1) is reduced to Re(V1) 
(highest chloride complex), which in turn is re- 
duced to.Re(N). This is in contrast to the same 
reduction in absence of C1' (ref 1). The presence 
of excess C1- causes the sapphire blue Re(V) to 
disproportionate into the Re(V1) chloride complex 
and Re(1V): [R~(VI)-XC~~[R~(IV)]/[R~(V)I~ = 5.6 f 3. 

Hexavalent Rhenium Bromide Complexes. - Three 
bromide species of Re(V1) in 18 M H2S04  were 
detectable, but only the highest bromide-containing 
complex could be characterized. The spectrum 
in 18 M H2SQ4 gave two absorption bands, a t  
6475 and 5525 A with molar absorbancies of 
approximately 4500 and 4200, respectively. 
Analogous to the highest chloride complex, the 
bromide complex is extractable from the sulfuric 
acid solution with CCl,, CHC13, or n-C6H 14, 

giving an intense blue solution; the species cor- 
responding to  lower bromide contents do not ex- 
tract. The spectrum for CC14 is given in Fig. 2.2. 
Unlike the chloride complex, the R.e(V1) bromide 
complex in 18 M H2S04 was formed slowly, the 
rate of formation from Re(V) being first-order with . 
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Fig. 2.2. Absorption Spectrum of Hexavalent Rhe- 

nium Bromide Complex in Carbon Tetrachloride. 

respect to HBr, with an apparent bimolecular rate 
constant of 4.9 l i ters mole' min- l. A study of 
the effect of Br' on the disproportionation of 
Re(V) was not possible in this case,  because Br- 
causes reduction of Re(VI1) in 18 M H2S04. 

Violet and Amber Species. - Wehner and Hind- 
man2 observed a violet species and an amber 
species of rhenium in 6 M H2S04. The amber 
species was obtained by HIS reduction of the 
violet species; coulometric measurements gave 
0.5 a s  the oxidation state difference between the 
two species. They were unable to obtain repro- 
ducible results for the apparent oxidation s ta te  of 
the violet species by Ce(S0 ) titration, a fact 

4 ? 
which they attributed to a reduc~ng impurity in the 
solutions. From other observations, however, they 
tentatively concluded that the amber species is 
Re(V) and the violet species a mixed Re(V).Re(VI) 
species. 

In this research, the violet species has  been 
prepared from sapphire blue Re(V) (ref 1) in 18 M 
H2S04  by dilution to 6 M H2S04 and allowing the 
resulting suspension to  oxidize in air. The violet 
species s o  produced was usually contaminated 
with some other rhenium species, a s  evidenced by 
excess absorption on each side of the 5450-A ab- 
sorption band (Fig. 2.3). The solution was freed 
of this contaminating species by further dilution 
to  3 M H2S04 and allowing the solution to stand 
overnight protected from atmospheric oxygen. Con- 
centrated H2S04 was then added to  stabilize 
(toward oxidation by air) the violet species in 6 M 
H2S04. Approximately 10% of the rhenium was 
converted to  the violet species; the remainder was 
oxidized to  Re04- ,  which was removed by pre- 
cipitation a s  Re2S7 with H2S. Tlir H2S reduced 
the violet species to  the amber species,  a s  previ- 
ously observed.2 The amber species is extremely 
sensitive to  air oxidation to the violet one, after 
the solution is freed of H2S by argon or nitrogen 
purging. 

The spectra of the two species are given in 
Fig. 2.3. The molar absorbancy was determined 
spectrophotometrically by oxidation of an aliquot 
of the violet species to R e 0 4 -  with 1 M HC104. 
Spectrophotometric titrations with Ce(S04)2 gave 
5.54 f 0.10 a s  the apparent oxidation state of the 
violet species, based on the linear portion of the 

'philip Wehner and J .  C. Hindman, I .  Am. Chem. Soc. 
75, 2873 (1953). 
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Fig. 2.3. Absorption Spectrum of V io le t  (Solid Curve) 

and Amber (Broken Curve) Species of Rhenium in  6 M 

H2S04.  

curve of absorbancy a t  5450 A v s  the Ce(S04)2 
added; the last  20 to 35% of the Ce(S04)2 required 
to oxidize the v i d e t  species  gave a concave up- 
ward curve. Based on the total Ce(S04)2 titer, the 
apparent oxidation state was 5.29 f 0.10. Evidence 
presented later indicates that the solutions of the 
violet species were contaminated with excess  
Re(V). The above result and the 0.5 difference2 
in oxidation state's between the violet and the 
amber species lead to the conclusion that the 
amber species is Re(V). 

These results are in agreement with the tenta- 
tive conclusion of Wehner and ~ i n d m a n ~  that the 
violet is an Re(V)-Re(V1) dimer and that the .amber 
is Re(V). There are serious discrepancies, how- 
ever. They give 2320 for the molar absorbancy 
of the violet species  a t  5450 A and 2740 for the 
amber species a t  4150 A (values obtained from 
Fig. 3 of ref 2). The values obtained in this re- 
search are 1720 and 1990, respectively. The ab- 
sorption band a t  5450 A (Fig. 2.3) i s  considerably 
sharper than that given by Wehner and Hindman; 
for the ratio of peak absorption to valley absorp- 
tion they give 2.9, vs  4.5 f 0.2 observed in this 
research. A difference in behavior was observed 

when solutions of the violet species were diluted 
in 10 to 11 M HCl; they state that their violet 
solutions appeared to be stable in 10 M HC1, 
whereas our violet solutions were not. 

Dilution of the amber species in 11 M HC1 ulti- 
mately gave a pure Re(V) chloride species with an 
absorption band at 2410 A, a s  previously observed. 
The process i s  not a simple reaction of amber 
Re(V) giving Re(V) chloride. Approximately 30 min 
after mixing, the spectrum of the solution shows 
an absorption band a t  5450 A, presumably due to 
the presence of the violet species. (The solution 
was protected by argon from oxidation by air.) 
Within 2 hr, the 5450-A band was replaced by a 
band at 4080 A. After three weeks, the 4080-A 
band dccrcased to 5% of i t s  original value, and 
the spectrum of the solution was that of pure Re(V) 
chloride species. During the course of the clis- 
appearance of the 4080-A species, the ultraviolet 
spectrum of the solution was observed to be that 
of Re(V) chloride and showed essentially no 
change, indicating that the ultraviolet spectrum of 
the 4080-A species must be very similar to that 
of the Re(V) chloride species. 

Dilution of the violet species in 11 M HC1 was 
similarly complicated but ultimately gave a solu- 
tion whose spectrum indicated the presence of 
Re(V) chloride and Re04- ,  a result which i s  con- 
sistent with the hypothesis: 

1 1  M 
Re(V)-Re(V1) - 1.5 Re(V) chloride 

v~olet H C I  

Both the Ce(S04)2 titrations and the dilutions in 
11 M HC1 showed that the solutions of the violet 
species s o  far prepared were contaminated with 
varying amounts of excess Re(V). 

An alternative method was devised for determin- 
ing the apparent oxidation state of the violet 
species,  based on the extraction with CC14 of the 
Re(V1) chloride complex (Fig. 2.1) from a con- 
centrated H2S04-HCl solution of the violet species. 
No reaction with HC1 or extraction occurred until 
Re(VI1) in the form of KRe04 was added to the 
acid phase. The observed ratio of moles of Re(V1) 
chloride produced per mole of rhenium in the violet 
species was 1.5 f 0.1, which gives the reaction 

Re(V). Re(V1) + Re(VI1) > 3Re(VI).xC1 . 
violet  HCI  



It is readily seen that a ratio of 2.0 would signify 
an apparent oxidation state of 5, etc. 

The violet species in 1 M H2S04 (protected by 
argon from air oxidation) was extracted by 0.1 N 
tri-n-octylamine in toluene. The spectrum of the 
species was essentially the same in both phases. 
These two observations demonstrate that the 
violet species is iulionic. 

Wine-Red Species. - Solutions of Re(V) and 
Re(V1) in 18 M H2S04 are not stable indefinitely; 
after a few months to a year, a black or blue-black 
solid usually precipitates, forms a colloidal sus- 
pension, or plates out on the s ides  of the flask 
holding the solution. Suspension of this solid in 
6 M H2So4 and oxidation with O2 usually results 
in the formation of a wine-red solution. In con- 
trast, suspension of freshly precipitated Re(V), 
made by dilution with H 2 0  of Re(V) or Re(V1) in 
18 M H2S04,  in 6 M  H2S04 and oxidation wi th02  
produced the violet species described above. Pre- 
sumably an aging process is required before the 
precipitated solid yields the wine-red solution. 

The majority of the solutions of the wine-red 
species used for study were prepared from a col- 
loidal suspension of rhenium in 18 M H2S04 with 
an apparent oxidation state of 5.9. This colloidal 
Re(V1) was approximately four years old. The 
wine-red species was prepared by dilution with 
H 2 0  of the colloidal Re(V1) solution to 7-8 M 
H2S04  and passing O2 into the solution for a few 
days to a week. The wine-red species produced 
was usually contaminated with a species having 
appreciable absorption in the region of 6 5 0 0  A; 
this was eliminated by further dilution to 5 M 
H2S04 and exposure t o  air overnight. Sufficient 
18 M H2S04 was then added to stabilize the wine- 
red species in 6 M H2S04. 

Approximately 20% of the rhenium was converted 
to the wine-red species; the remainder was oxi- 
dized to Ke04-,  which was separated by precipi- 
tation a s  Re ?S7 by H2S. The wine-red species i s  
not reduced by the H2S. The spectrum of the 
wine-red species is given in Fig. 2.4. 

Spectrophotometric titrations with Ce(S04)2 es- 
tablished the apparent oxidation state a s  5.2 f 0.1. 
The molar absorbancy was determined spectro- 
photometrically by dilution of an aliquot of the 
species to approximately 1 M H2S04,  a t  which 
acid concentration the species is readily oxidized 
by air to Re04-. The method for determining the 
apparent oxidation state by CC14 extraction of 
Re(V1) chloride complex from a concentrated 

H2S04-HC1 solution of the wine-red species con- 
firmed the oxidation state determined by Ce(S04)2 
titration. As in the case of the violet species,  no 
reaction with HC1 or extraction occurred until 
Re(VI1) was added to the acid phase. The be- 
haviors of both the violet and wine-red species in 
this respect are in contrast to the behavior of the 
sapphire blue Re(V). 

Tri-n-octylamine in toluene extracted the wine- 
red species from a 1 M H2S04 solution with no 
change in the spectrum, demonstrating that the 
species is anionic. 

The behavior of the wine-red species in 11 M 
HC1 is very complex. Whereas dilution of the 
violet species in 11 M HC1 ultimately gave Re(V) 
chloride and Re04- ,  and the amber species gave 
Re(V) chloride, the wine-red species in 11 M HC1 
produced a solution whose spectrum showed, in 
addition to Re(V) chloride, the presence of a 
species (or a mixture of species) which was ap- 
parently stable indefinitely. Dilution of the wine- 
red species in 11 M HCI with H 3 P 0 2  present pro- 
duced, on heating, a species (or a mixture of 
species) of Re(1V) with two intense (molar ab- 
sorbancy -3000) absorption bands in the visible 

WAVELENGTH, angstroms 

Fig. 2.4. Absorption Spectrum of Wine-Red Species 

of Rhenium in 6 M H2S04. 



3 ~ .  M. Das and Debabrata Mukherjee, Anal.  Chem. 31, Fig.  2.6. Titrotion of H2S04 and H2ReCld in Eth- 

233 (1757). ylene Glycol. 

region. This Re(1V) species  must be the same UNCLASSIFIED 
ORNL-LR-DWG. 70606 

type of complex a s  the amber, violet, wine-red, I I I I I I I I I 
11.0. - 

and Re(V1) chloride and bromide species,  a l l  of 
10.0 - which have in common very intense absorption 

- 

bands in the visible region. 9.0  

8.0 

Acid Strength of H 2 R e C I  7.0- 

Q. V. Lacson Siegfried Lindenbaum I, 6.0- 

G. E. Boyd 5.0- 

4 .0 -  
Aqueous and nonaqueous titrations of H2SO4 and 

H2ReClG were performed to obtain an estimate of 3.0-  

the acid strength of H2ReC16. 2.0- 

- 

- 

Curves of the potential of the glass-calomel (00 9 0  8 0  7 0  6 0  5 0  4 0  3 0  20 4 0  o 
VOLUME 0.1 N NaOH DELIVERED 

electrode pair a s  a function of titrant delivered 
were produced with an automatic recording titrator. 

Fig.  2.5. Titrotion of H2S04 and H2ReCI6 in 
Titrant was delivered with a syringe buret for 
which 1.000 ml gave a full-scale reading. All Aqueous Solution. 

samples were diluted to 10 ml before titrating. 
For the aqueous titration 0.1 N NaOH was used 

a s  the titrant. Nonaqurous titrations were per- 

- 

- 
I I I I I I I I 

H2S04 

formed in ethylene g lyc01 ,~  and the titrant was 
0.1 N piperidine in ethylene glycol. This system 
was chosen because i t  best resolved the two 
breaks in the titration curve of H2S04.  The pres- 

3 ence of water (5%) considerably decreased the 
slope of the first break in the titration of H2S0,; 
The water concentration was therefore kept to a 
minimum (less than 1%) in a l l  the nonaqueous 
titrations. 

Su1fiir.i~ acid solutions in ethylene glycol were 
prepared by adding concentrated H2S04  to eth- 
ylene glycol by means of a micropipet. 

The hexachlororhenic acid, H2ReC16, was pre- T 
2 

pared by dissolving K2ReC16 in a slurry of Dowex 
50-XI0 in the hydrogen-ion form. The solution and 
resin were poured onto a column of the same resin, 
and the column rinsed with sufficient water to 

f 
give a 0.05 N solution of H2ReC16. This procedure 
minimized. the hydrolysis of ~ e ~ l ~ ~ - ,  since the 
solution was a t  a low pH a t  a l l  times. 

For the nonaqueous titrations, samples of 
H2ReC16 were pipeted into the titration cell  and 
evaporated at room temperature in vacuo nearly to 
dryness. Ten milliliters of ethylene glycol was 
added and the solution titrated with 0.1 N piperi- 
dine in ethylene glycol. 

- 
- 

H2ReCI6 - 

- 

- 

VOLUME O.4N PlPERlDlNE DELIVERED 

UNCLASSIFIED 
ORNL-LR-DWG. 70607 

I I I I I I I 

t-l2So4, H~ ReC l6 

- 
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Titration curves for H2S04  and H2ReC16 in 
water are shown in Fig. 2.5. Typical strong-acid 
titration curves were obtained, with no apparent 
differentiation between the first and second ioni- 
zation. 

The nonaqueous titration curves (Fig. 2.6) show 
two dist inct  breaks for the sulfuric acid titration, 
but only one for H2ReC16. Apparently, therefore, 
the second ionization for H2ReC16 is considerably 
greater than that for H2S04  (pK2 = 2.0). 

Measurement of t h e  Near-Infrared Absorption 
Spectrum of Pertechnetate ton 

C. A.  ort ton^ Q. V. Larson G. E. Boyd 

The near-infrared absorption spectrum of per- 
technetnte ion was determined (Fig. 2.7) with the 
KBr-pellet technique, wherein milligram quantities 
of crystalline K T c 0 4  were mixed with spectro- 
grade KBr. A characterist ic ,  strong absorption 
band a t  706 cm- was found which corresponded 
in i t s  general shape to that observed with KRe04 
a t  715 cm-l .  A Beckman model IR-7 was used 
for the measurements in the range from 2.5 to 16 p. 

4~nalyr ica l  Chemistry Division. 

UNCLASSIFIED 
ORNL-LR-DWG. 7 0 6 0 2  

WAVELENGTH (cm-' ) 

Fig. 2.7. Near-Infrared Absorption Spectra of K T c 0 4  

and KRe04.  



3. Chemical Separation o f ~ s o t o ~ e s  

Ion Exchange Studies in  Nonaqueous Solvents 

Do A. L e e  

Se lec t iv i t i es  and  diffusion coeff icients  were 
determined for exchange  of some alkali-metal ions  
be tween '  cation exchange  r e s i n s  and nonaqueous 
s a l t  solut ions.  A new  ion exchange res in ,  
Amberlite 200, w a s  s tudied.  I t  enables  relat ively 
rap id  exchange i n  nonaqueous systems.  Cesium-134 
w a s  u s e d  a s  t he  t racer  i n  t h e s e  experimerits. 
General ly,  the diffusion coef f ic ien ts  were smaller  
a nd  the s e l ec t i v i t i e s  higher  in  nonaqueous sy s t ems  
than  i n  aqueous sys tems .  

An experiment w a s  performed us ing  Amberlite 200 
i n  an  aqueous sys tem to  compare th i s  res in  with 
Dowex 50. The  e f fec t ive  diffusion coeff icient  for 

t t 
t he  exchanging ca t i ons  ( C s  and  K ) was 3.4 x 
lo-' cm2/sec ,  and t hc  se lec t iv i ty  coeff icient  
K E S  w a s  1.27. These  r e su l t s  compare favorably 
with t hose  given for alkali-metal ions  on Dowex 50  
ie a n  aqueous  system. 1 

A s e r i e s  of, experiments w a s  made in  amides; 
0.1 N KSCN solu t ions  in  formamide, dimethyl- 
formamide, and dimethylacetamide were equilibrated 
with K '-form Amberlite 200 containing cs l3 * 
tracer. ' The r e su l t s  are given in  Tab l e  3.1. 
N-Methylacetamide w a s  a l s o  tried, but the ex-  
change w a s  s o  s low that  no  da t a  were obtained. 
In the  same system, using propylene carbonate a s  
the solvent ,  the diffusion coeff icient  was 8.53 x 

cm2/sec a i ~ d  K g S  was  0.76. 

Several  experiments performed with Dowex 50 
r e s in s  in ethylenediamine (EDA) solut ions a re  
summarized in Table  3.2. 

Table 3.1. Ion Exchange Diffusion and Selectivity 

Coefficients in Amides 

Solvent i 2 (cm /set) K;" 

Forrnamide 2.03 x lo-' 1.07 

Dimethylformarnide 2.02 x lo-8 5.45 

'G. E. Boyd and B. A. Soldano, j 
6071 (1754); G. E. Myers and G. 
Chem. 60, 521 (1756). 

. Am. Chem. Soc. 75, Dirnethylacetarnide 2.05 x 7.21 
E. Boyd, j .  Phys. 

Table  3.2. Ion Exchange Diffusion and Selectivity Coefficients in Ethylenediamine 

System 

Dowex ~o-x~-K+-cs* vs  0.16 N KSCN-EDA 1.15 x 
t 

Dowex 50-XI-Na -Cs* vs  0.16 N NaBr-EDA 2.63 X 

Dowex 50-XI-cs '-cs* vs  0.16 N CsSCN-EDA 1.31 x 

Dowex 50-XI-cst-CS* vs  0.16 N NaBr-EDA 3.77 x lo-9 
t 

Dowex 50-X8-K -Cs* vs  0.15 N KSCN-EDA 3.37 x 10-lo 

. ' Dowex 5 0 - ~ 1 6 - ~ + - ~ s *  v s  0.16 N KSCN-EDA 7.81 x lo-'' 



The effect of the amount of water in the resin 
t was studied in the system K -Amberlite 200-Cs 13* 

vs  0.02 N KSCN in CH30H. The resin, the KSCN, 
and the CH30H were rigorously dried. Increasing 
amounts of water were added t o  separate portions 
of the resin which were then equilibrated with the 
methanol solution. The results are given in 
Table 3.3. The diffusion coefficient is seen to 
decrease rapidly with increasing water concen- 
tration in the resin, up to 1 molecule per resin 
s i te  (Fig. 3.1). This effect appears to be related 

Table 3.3. Effect of Water in the Resin on Diffusion 
and Selectivity Coefficients 

H 2 0  in CH30H phase at 
Equili briurn Di KE" 

(rng/ml) (crn2/sec) 

U N C L A S S I F I E D  
ORNL-LR-OWG. 71243 

'.0l I ; ; ; : ;  
H20 MOLECULES PER RESIN S ITE  

Fig. 3.1. Effect of H 2 0  in the Resin on the Diffusion 
t Coefficient for K -Amberlire 2 0 0 - c ~ ' ~ ~  vs 0.02 N KSCN 

in CH30H.  

to changes in charge density of the sulfonic 
group and to steric effects. Further studies are in 
progress. 

Isotopic Chemistry of Boron 

A. A. Palko 

The systematic study of BF3-organic complexes 
has  continued. Characterization of the (C2H5)2S- 
BF3 system was completed. The procedures and 
methods used were reported previously.2 Lack of 
consistency of earlier data made i t  necessary to 
repeat many of the vapor pressure-composition 
determinations. These corrected data may be 
expressed by the least-squares equation and 
constants shown in Table 3.4. 

Table 3.4. Vapor Pressure-Temperature Constants 
for the System (C2H5)2S + B F 3  $(C2H5)2S-BF3 

Constants for the Equation 
Moles of BF3 per Mole 

log p = a - b / T  
of (C2H5I2S 

a b 

Single-stage isotopic equilibrium constants have 
been determined at -8,4, and 22OC for the exchange 

( C H ~ ) ~ O . B ~ ~ F ~  (1) + B ~ O F ~  (g) e= B ~ ~ F ~  (R) 

+ (cH,),o.B~OF, ( I ) .  

These data are shown in Table 3.5; they may be 
expressed by the least-squares equation log a = 

(7.769/T) - 0.0141. 

2 ~ .  A. Palko, Chem. Div.  Ann. Progr. Rept .  June 20, 
1961, ORNL-3176, p 18. 



Table 3.5. Single-Stage Isotopic Equilibrium 

Constants for the (CH3)20-BF3 System 

Nitrogen Exchange Between Nitr i te and Nitrate 

L. L. Brown 

A study was made of the rate of exchange of - - 
nitrogen between NO2 and NO3 in aqueous 
solution, a s  a function of pH. This exchange does 
not take place in  neutral or basic solutions. The 
reaction was studied with labeled nitric acid 
(12.6% and normal sodium nitrite a t  O°C. 
The acidity of the exchange solution was adjusted 
by adding NaOH. Samples were taken at intervals 
and quenched with caustic. The niuite portion 
was separated by precipitation as  AgN02 and 
analyzed for N15. 

The data in Table 3.6 clearly indicate that 
exchange will take place in slightly acid solution 
(such a s  I ) ,  but only a t  high acid concentration is 
the rate appreciable. 

Oxygen Exchange Study of a Peroxygen Bridge 

L. L. Brown 

The separation factor between d.xygen and 
oxygenated solid cobalt di(salicyla1)ethylenediimine 
was reported ear lie^.^ A recent paper by Haim and 
wilmarth4 described a water-soluble cobalt complex 
with a peroxygen bridge similar to that in the solid 
complex previously examined. Such a complex, 
when equilibrated with molecular oxygen, should 
provide a mechanism for fractionating the isotopes 
of oxygen if exchange of oxygen occurs a t  a 
reasonable rate between the isotopic species.  

To determine whether such exchange occurs, an 
aqueous solution of K~[(NC)~COOOCO(CN)~]  was 
equilibrated with O2 enriched in 018  to 1.248%. 
The potassium salt  was prepared according to  
Haim; i t  assayed: K, 34.2; Co, 17.2; CN, 37.7% 
(calculated: K, 32.2; Co, 18.1; CN, 35.5%). 
Samples of the gas  phase taken a t  46, 52, and 
92 hr averaged 1.187 0.006% 018. Complete 
exchange of oxygen in the system would have 
resulted in 0.846% 018  in both the sa l t  and the 
gas  (ignoring an isotope effect). Thus, exchange 
of oxygen does not occur under the conditions of 
the experiment. (The slight decrease in 018  
content of the gas  phase was attributcd to . -  
impurity in the salt ;  i t  does not represent ex- 

change with 022- as i t  i s  time irrdependent.) 

Oxygen-17 Enrichment 

A. H. Narten 

Preoperational testing of the water distillation 
cascade was completed during fiscal year 1962, 
The unit was placed "on stream" during June. 
Barring mechanical failures, the cascade is ex- 
pected to reach steady-state operation during the. 
summer or fall. of 1963. Projections of the 
cascade's separative capacity, based on transient 
isotopic gradients, are favorable; they predict that 
design performance will be attained. 

3 ~ .  L. Brown and J .  S. Drury, 1. Chem. P h y s .  33, 
1889-90 ( 1960). 

4 ~ .  Haim and W. K. Wilrnarth, 1. Am.  Chem. Soc. 83, 
509-16 ( 1961). 



Table 3.6. Nitrogen Exchange Between NOZ- (0.38% N") and NOj- (12.6% N") 

Composition N~~ in NO,- 

Run No. (moles per liter) Time (hr) 100% 
NO3- NO2- OH- H +(a) Found Exchange 

a ~ a r t ~ y  as sulfate, partly as nitrate. 

Isotopic Fractionation Between Carbon Dioxide 
and Dimethyl Carbamic Acid 

A. C. Rutenberg 

The single-stage carbon and oxygen isot'opic 
fractionation factors were measured for the ex- 
change reaction 

13 16 16 c o o + ( c H ~ ) ~ N c ~ ~ ~ ~ ~ ~ ~ ~ H  

13 16 16 = C ' ~ O ~ ~ O ' %  (CH3)2NC 0 0 H . 
The reaction was studied a s  an aid to interpreting 
isotopic fractionation data for alkyl ammonium 
carbamates. 

The dimethyl carbamic acid was prepared by 
reacting C 0 2  with dimethylamine in benzene and 

- 

was used in solution. Forty milliliters of 4.6 M 
(CH3)2NCOOH in benzene was equilibrated with 
-200 cc  of C 0 2  gas at about 1 atm. Two experi- 
ments a t  23.5'C were similar except that the time 
allowed for exchange was increased from 9 hr in 
the first to 92 hr in the second, to  ensure attain- 
ment of equilibrium. The C 0 2  was libernted from 
the liquid phase with H3P04;  i t  was s a ~ ~ ~ p l e d  
directly from the gas pha.sc. The C 0 2  sampler 
were sublimed several times at dry-ice temperature 

Separation of Alkali-Metal and of Alkaline-Earth 

Isotopes 

Donald Zucker 

The single-stage separation factor for ~a~~ and 
~a~~ in the system, aqueous NaOH-Na amalgam, 
was 1.0023 f 0.0016 (95% confidence interval) a t  
25OC, with the Light isotope concentrating in the 
amalgam phase. The radioactive ~a~~ (half-life, 
2.6 years) was assayed by counting gamma rays 
with a scintillation counter. ~a~~ was determined 
by converting the sample to NaCl and titrating 
~ 1 - .  Quartz, Vycor, and polyethylene containers 
were used to reduce contamination with normal 
sodium and other metals. 

The separation factor for rubidium isotopes 
in a similar system was determined by mass- 
spectrometric analysis of RbE5 and ~b~~ after 
eight stages of separation, and by counting 
0.525- and 1.08-Mev gammas from ~b~~ and RbsG 
after nine stages. The weighted average of the 
two results was 1.00017 f 0.00007 (95% confi- 
dence interval) per mass unit, with the heavy 
isotopes concentrating in the amalgam phase. 

before mass-spectrometer analysis. The analysis 
showed no  significant impurities. The observed In the rubidium experiment, i t  was found that 

separation factors and average deviations were: cesium, present a s  an impurity, was very strongly 
concentrated in the amalgam phase, with an R b C s  - .  

( 0  18/~16)(g)/(~18/016)(1) = 1.006 f 0.001 , separation factor larger than 2. The application 
of this technique to the preparation of rubidium- 

( c 1 2 / c  1 3 ) ( g ) / ( ~ 1 2 / ~  13)(1) = 1.006 f 0.000 . free cesium is being investigated more fully. 



NMR Study of  BF3 Addition Compounds 

A. C. Rutenberg 

A kinetic study of the reactions 

where X is (C,H,),O, and Y is (CH3),0, (CH,),O, 
C6H50CH3, or (C2H5),S, was  begun, using nuclear 
magnetic resonance (NMR) techniques. Rates of 
exchange for pairs of donor solvents were studied 
over the range + 45 to - 75OC, or over a s  much of 
th is  range a s  the physical properties of each 
system permits. Preliminary data indicated that 
the geometric mean of the average lifetime for a 
B F 3  s tay on s i t e s  X and Y, T, was about 3 x 

s e =  a t  2 5 y  for the methyl ether or  ethyl sulfide 
systems, and about an order of magnitude longer 
for the anisole or  tetrahydrofuran systems. The T 

values were dependent on composition, and the 
values  quoted are representative of systems con- 
taining comparable amowts  of XBF3 mid YBF3 
and an (X + Y)/BF3 mole ratio of about 2. 

The activation energies for the BF3 exchanges 
are about 11, 12, 14, and 15 kcal/mole for the 
methyl ether, tetrahydrofuran, anisole, and ethyl 
sulfide systems, respectively. 

The methyl ether system was the only one of the 
four which had an equilibrium constant within the 
range lo-, to 10, and, therefore, measurable by 
the techniques employed. The equilibrium constant 
for the reaction 

was about 2 a t  -50°C; i t  exhibited a complex 
temperature and concentration dependence. A 
detailed study of the effects of changes in 
composition on the rates and equilibrium constants 
is in progress. 

The BF3-organic mixtures used in this study 
were prepared by A. A. Palko. 

Structure of Alkylammonium Carbamates 

the hydrogen atoms of interest were sti l l  s o  rapid 
that only average positions, which were compatible 
with more than one structure, were observed. 

The infrared spectra of these compounds gave 
evidence for both covalent and ionic species. 
The presence of contaminants, such a s  alkyl 
carbamic acids which would not interfere with the 
NMR spectra unless present in large quantities, 
complicated the infrared spectra. 

Dielectric-constant measurements were made on 
diethylammonium diethylcarbamate using the 
equipment of W. J. ~ c ~ o w e l l ~  of the Chemical 
Technology Division. The carbamate had a molar 
composition of 1.95 amine/C02 and melted at 
*30°C. The molten carbamate at 31°C indicated 
a very large apparent dielectric constant. The 
ce l l  resembled an electrolytic capacitor with a 
very high capacitance, well outside the range of 
the equipment. 

A 0.12 M solution of diethylammonium diethyl- 
carbamate in cyclohexane a t  24OC gave a dielectric 
cuustant of 2.034, compnrcd with 2.019 for the 
pure solvent. An 18 wt % (0.85 M) solution of 
the diethylammonium diethylcarbamate in benzene 
a t  24OC gave a dielectric constant of 2.80, com- 
pared with 2.28 for the pure solvent. The data 
indicate that this carbamate is salt-like in the 
molten state, and probably exists a s  ion pairs 
when dissolved in nonpolar solvents. The present 
data are, however, not extensive enough to 
eliminate the existence of covalent structures, 
such a s  tetraethylurea hydrate, in nonpolar 
solvents. 

Spectroscopic Investigations of Isotopic - 
Molecules 

G. M. Begun W. H. Fletcher 7 

Infrared and Raman studies of isotopic molecules 
were made to provide information for the calcu- 
lation of isotopic equilibrium constants. These 
investigations were also concerned with the 
potential fields in molecules and ions and the use 
of isotopic substitution to study these properties. 

A. C. Rutenberg - Z A. C. Rutenberg, Cl~ent .  Div. Ann.  Progr. Rcpt.  June 
5 20, 1961, ORNL-3176. p 23. 

The nuclear magnetic resonance (NMR) study 'w. J .  McDowell and K. A. Allen, 1. Phys .  Chem. 63,  
of alkylammonium carbamates was discontinued 747 ( 1959). 
after low-temperature experiments in several 'consultant from Chemistry Department, University of 
solvents indicated that the rates of exchange of Tennessee, Knoxville. 



Such studies of BF3.(CH3)20 and BF3-(CD3)20 

substituted with B1° and B~~ were completed and 
published.8 The experimental determination of the 
boron-isotope shifts  in the BF3.(CH3)20 molecule 
made possible the first theoretical treatment of the 
isotope separation system BF3-BF3-(CH3)20. 
The distillation of BF3-(CH3)20 a s  a means of 
separation of boron isotopes was first proposed in 
1944 a t  Columbia ~ n i v e r s i t ~ . ~  It was quickly 
recognized that the isotopic fractionation in this  
system was due primarily to  the exchange reaction 
between the liquid complex and gaseous BF3. 
The concentration of B~~ in the BF3 phase, 
however, is contrary t o  expectation and has not 
been previously explained theoretically. Using 
the isotopic-shift data shown in Table 3.7, with 
similar data for BF3, isotopic partition function 
rat ios and equilibrium constants for the exchange 
reaction 

were calculated a t  several  temperatures. 
The calculated equilibrium constants are com- 

pared with experimental values measured by mass- 
spectrometric analyses of equilibrated samples in 
Table 3.8. The experimental results  are reported 
~ e p n r a t c l y  by A. A. Palko ("Isotopic Chemistry 
of Boron," this  chapter). 

If a l l  the uncertainties are considered, the agree- 
ment between the experimental and calculated 
equilibrium constants i s  quite good. 

Physically, ~ l l e  picture of the concentration of 
B ~ O F ~  in the addition complex, contrary to ex- 
pectation, can be seen to be due to a weakening of 
the B-F bonds upon complex formation. In the 
planar B F 3  molecule, the B-F distance is 1.295 A, 
and the B-F symmetric and antisymmetric stretches 
in B 11F3 occur a t  888 and 1453.9 cm-l ,  respec- 
tively. In BF3-O(CH3)2 the BF3  changes from 
planar to pyramidal form. The boron and oxygen 
are now tetrahedrally bonded with a lone pair of 
electrons occupying the fourth orbital of the oxy- 
gen atom. The B-F bond distance i s  increased to 

'G. M. Begun, W. H. Fletcher, and A. A. Palko, "Infra- 
red and Raman Spectra of the Boron Trifluoride-Di- 
meth 1 Ether Complex," Spectrochim. Acta 18, 655-65 
(1965 .  

'M. Kilpatrick qt al., Separation of Boron Isotopes 
(ed. by G. M. Murphy), TID-5227 (1952). 

Table 3.7. Vibrational Frequencies of BF3*0(CH3)2 
that Shift upon Boron-Isotope Substitution 

Frequency 
(cm-') Assignment 

B1o B l l  

506 505 V13, V29 BF deformation 3 

672 661 v12 B-0 stretch 

810 805 vI1 B-F stretch (sym.) 

925 918 v10 C-0 stretch (sym.) 

1225 1177 V, B-F stretch (antisym.) 

1259 1216 v~~ B-F stretch (antisym,) 

1.43 A, and the B-F symmetric and antisymmetric 

stretches for B ~ ~ F ~ - o ( c H ~ ) ~  are found a t  805 cm- I  

and a t  1216 and 1177 cm- l, respectively. (The 
antisymmetric frequency, a doubly degenerate one, 
is split into two by the destruction of the molecular 
symmetry in the complex.) Thus the change in 
B F 3  from planar to tetrahedral resul t s  in an in- 
crease in the R-F distance and a weakening of 
the B-F force constant. This effect is so  marked 
that i t  overbalances the formation of the B-0 
bond, which has  the opposite effect upon the parti- 
tion function ratio. Thus the B l 1  concentrates in 
the B F 3  and the B lo  in the BF3.(CH ) 0. 

3 2. 
'rhe computer program for the evaluation of force 

constants which describe molecular force f ields 
was continued. The general program for computing 
the force constants for molecules containing up to  
15 atoms h a s  been corrected and refined. A Urey- 
Bradley treatment of N 2 0 4  yielded a s e t  of 13 
constants, which reproduced the spectral  da ta  for 

15 N ~ ~ o ~  and N 2  O4 quite well. The observed and 
calculated frequencies are shown in Table 3.9. 
Further studies,  with other types of potential func- 
tions, are being made to enable comparisons with 
similar nitrogen and oxygen compounds. 

During the year the mass spectroscopic investi- 
gations of the isotopic nitrous oxides (N15-sub- 
stituted) were completed and published. lo  

'OG. M. Begun and Lawrence Landau, 1. Chem. Phys. 
35, 547-51 (1961); 36, 1083-84 (1962). 



Table 3.8. Equilibrium Constants for Boron Isotope Exchange 

T Q ( B ~ ~ F ~ )  Q[B' 1 ~ 3  ~ ( c H ~ ) ~ ]  an 
(OK) Q ( B ' O F ~ )  Q[B''F~ ~ ( C H , ) , ]  Calculated Observecl 

"The equilibrium constant a = > 2 L J 3 L 

[ B ' O F ~ ]  ( ~ ) / [ B ~ ' F ~ I  ( g )  

b ~ s t i m a t e d  graphically. 

Table  3.9. Observed and Calculated Fundamental Frequencies for N204 (cm-l)  

--.: ...., =. Assignment 
0bse;veda Calculated observeda Calculated 

265.8 

(Inactive) 

1713.8 

481.2 

429.5 

672.6 

1746.9 

1360.6 

796.5 

264.3 

(Inactive) 

1670.3 

478.8 

419.5 

653.5 

1707.8 

380.3 

1250.2 

739.5 

'G. M. Begun and W. H. Fletcher, J. Mol. Spectr. 4, 388-97 (1960). 



Isotopic Mass Spectroscopy 

Lawrence Landau 

The 60° copper tube of the Nuclide Analysis 
Associates RMS-1 ratio. mass spectrometer 10.11 

was replaced with an Inconel tube. The elimina- 
tion of copper fro111 the system should reduce error 
caused by memory for certain samples, particularly 
SO2 and BF3. The new tube also provides a gold- 
wire vacuum seal and an improved design for dif- 
ferential pumping. 

Analyses of BF3  were made by peak-height anal- 
ysis for the B 'O/B l 1  ratio at mass positions 10 
and 11. The BF3 samples compared were from gas  

"~awrence  Landau, Chern. Div.  Ann.  Progr. Rept .  
June 20, 1960, ORNL-2983, p 24. 

and liquid phases of BF3  in contact with (CH3)20 
and with (C2H5)3N at several temperatures. 

Analyses of C 0 2 ,  N,, 0 2 ,  and CO were made by 
direct ratio analysis of 46/44 and 45/44 for the 
C 0 2  samples, 29/28 for the N2, 34/32 for the 02, 
and 30/28 for the CO. The C 0 2  was from samples 
of C 0 2  in contact with a variety of amine carba- 
mates, the N2 converted from NO in equilibrium 
with NO2- or NO3-, the O2 from exchange experi- 
ments between K~[(cN) 5 ~ o ~ ~ ~ o ( ~ ~ )  and O2 
enriched in 018 ,  and the CO from acetaldehyde in 
equilibrium with paraldehyde. 

Samples of (C2H5)3B were analyzed by the peak 
heights of mass positions 10 and 11; the compound 
appeared to give quite acceptable results. Dupli- 
cate analyses of the samples showed the 10/11 
ratio to be 0.248 f 0.002 (95% confidence interval). 
This compound shows very little memory in the 
mass spectrometer, and may rove to be very use- 

Po ful for the determination of B /B l 1  ratios. 



4. Radiation Chemistry 

Electron-Bombardment Studies of the Gaseous 

Mixtures (C2N2 + H,) and (C2H2 + N,) in a 

Mass Spectrometer 

P. S. Rudolph C. E. Melton S. C. Lind 

In the alpha radiolysis of an equimolecular rnix- 
ture of (C2N2 + H2) i t  was observed' that the mtiu 
-APc 2 N  ,/-APH remained constant a t  about 1.5 

2 
to complete depletion of the 536 mm (partial pres- 
sure) of C2N2.  A dark solid (with a reddish cast) 
was formed, which from material balance had an 
empirical formula of CbNGH4. In a complementary 
experiment2 a mixture of approximately (2C2H2 + 
INZ) was irradiated, and very little nitrogenated 
products were observed. Of the initial 358 mm 
of N 2 ,  final analysis showed a deficiency of 
only 29 mm. Upon heating the solid product from 
the (2C2H2 + IN2)  irradiation, 16 mm of conden- 
sable  (in liquid air) gas  was evolved which had 
the properties of HCN. Further, the yellow solid 
had a darker hue than the polymer from pure C 2 H 2 ,  
indicating possible traces of a nitrogenated prod- 
uct admixed with the acetylene polymer. 

An exploratory experiment in our research mass 
~ ~ e c t r o m e t e r ~ ' ~  a t  a total pressure of 50 p in the 
ionization chamber indicated that at leas t  .one 
ion, HCN', i s  formed by ion-molecule reactions 
in equimolar mixtures of both systems (C N + H ) 

2 2. 25 and (C2H2 + N2). Appearance-potential techn~ques  
t show that mass 27 cannot be attributed to C2H3 . 

's. C. Lind, D. C. ~ a r d w e l l ,  and J. H. Perry, 1. Am. 
Chem. Soc. 48, 1556 (1926). 

2 ~ .  C. Lind and D. C. Bardwell, 1. Am. Chem. Soc. 
48, 1575 (1926). 

3 ~ .  F. Wells and C. E.  e el ton, Rev.  Sci. Instr. 26, 
1065 (1957). 

4 ~ .  E. Melton, 1. Chem. Phys .  35,  1751 (1961). 

5 ~ .  E. Melton, 1. Chem. Phys .  33 ,  647 (1960). 

Numerous other masses common to both systems 
were detected but were not identified. For ex- 

t 
ample, mass 54 could be C ~ N H ~  ', C2N2H2 , and/or 
C N ~ * ,  and mass 80 could be c2NIt ,  c ~ N ~ H ~ ~ ,  

t and/or C4N2H4 . In a previous mass spectrometric 
study of C2N2 (ref 6), ions of varying proportions 
of C to N were observed, including (CN) '. In 
the alpha-particle mass spectrometric studies of 
C2H2 (ref 7), nine ions each of whose percentage 
abundance exceeded 0.5% were observed, from 

t .I C2H2. to CGI15 . This complcxity of ions in the 
indlvldual gases  made i t  advisable to limit' this 
study of the mixtures to mass 27, which was known 
to be HCN'. The approximate rate constants k (cc 
molecule-' sec-') for the reactions producing 

t HCN are given below (the probable. reactions 
were determined by appearance-poter~tial tech- 
nique): 

Equimoleculor 

Mixture Probable Reaction k x 10'' 

C ~ N ~  + H~ CN+ + H~ + HCN+ + H G 

C ~ H ~  + N~ N ~ +  + C ~ H ~  + HCN+ 3 
+ (HCN) ? 

In the present study of the C H + N2 mixture, 
t 2 ? 

over 80% of N2 ions react by  on-molecule re- 
actions (principally charge transfer to C2H2), 
which do not yield nitrogenated products. Hence, 
on the basis of ion-molecule reactions one would 
expect a maximum of 5 to 10% of the final products 
of this mixture to contain nitrogen. This is in 
agreement with early alpha-particle radiolysis2 
of C2H2 + N2 quoted previously. 

'c. E. Melton and P .  S. Rudolph, 1. Chem. Phys.  33, 
1594 (1960). 

7 ~ .  S. Rudolph and C. E. Melton, 1. Phys .  Chem. 6 3 ,  
916 (1959). 



Alpha Radiolysis o f  Ethylene 

P. S. Rudolph W. H. Baldwin 

The current literature contains many references 
to the radiolysis of ethylene. A few authors have 
analyzed the gaseous  products. yang8 reports 
five gaseous prnrlncrs. ~ a r n ~ e ~  reports 12, which 
account for only about a third of the C2H4 con- 
sumed. The only reference1' to the composition 
of the polymer reports s ix  gaseous products and 
a liquid consisting of CGH,,, CGHl?,  C8HI8 ,  
C8H 1G , and possibly aromatics contaming more 
than two rings. yang8 used gamma irradiation, 
and the other workers9'10 used fas t  electrons. 

In a previous report1' on the alpha radiolysis 
of C 2 H 4 ,  insufficient polymer was produced for 
study (only 4 x mole of C2H4 was irradiated). 
Hence, the authors initiated a ser ies  of alpha 
irradiations of C2H4 wherein about 0.1 mole of 

C2H4 could be irradiated, thereby producing a 
reasonable amount of polymer. 

In th is  ser ies  of irradiations 3-liter f lasks were 
used. A well was blown into the bottom of each 
s o  that the polymer, which first forms a s  a liquid, 
could drain into the well. Here it would be sub- 
jected to  considerably l e s s  radiation than if it 
remained on the wall of the sphere. 

The f lasks wcrc filled with reagent C2H4 to 
about 1 atm, and about 165 mc of rridon was  
introduced. The volume of the vesse l ,  the initial 
pressure of C 2 H 4 ,  and the charge of radon were 
accurately determined. The irradiations were 
continued until the radon had decayed to l e s s  
than 1 pc. The total residual g a s  pressures were 
determined, and samples of this  g a s  were analyzed 
by gas  chromacography. l 2  The results  of the two 
runs thus far analyzed and other pertinent da ta  
are reported in  Table 4.1. 

Attempts were made to calculate G values for 
the appearance of products and the disappearance 
of C2H4 on the bas is  of energy absorbed in large 

'K. Yang and P. J .  Mauno, J .  Phys .  Chem. 63 ,  752 
(1959). 

9 ~ .  W. Lsmpe,  Radiutiu,i R r s .  10, 691 (1959). 

'OB. M. Mikhailov, V. G .  K i s e l e v ,  and V .  S .  Bogdanov, 
Izv. Akad. Nauk SSSR., Otd.  Khim. Nauk 1958(5), 545. 

I1p. S .  Rudolph and W .  H. Baldwin, Chem. Div .  Ann. 
Progr. Rept. June 20. 1961, ORNL-3176, p 36. 

1 2 ~ a s  analyses  made b y  A.  D .  Horton o f  the Analyt- 
ical  Chemistry Div i s ion .  

spheres.13 These  calculated values varied by 
about 20%. However, both values were approxi- 
mately twice the' value calculated for a small 
sphere.'' The ratio of surface to volume was  
7 times a s  large in the small sphere. A possible 
explanation is termination of reaction a t  the wall, 
which is consistent  with the smaller yield in  the 
small sphere. However, the authors intend to 
check into the dosimetry more carefully before 
reporting G values for the large spheres. 

The liquid polymer from these  alpha radiolyses 
of ethylene is a mixture of hydrocarbons. From 
the molecular weight that was  determined cryo- 
scopically, 222 (in benzene) and 231 (in dicyclo- 
pentadiene), the average s i ze  i s  16 carbons. The 
iodine number (Hanus iodine monobromide) cor- 
responds, on the average, to one double bond for 
each 10 carbon atoms. 

The infrared spectrum contains strong absorption 
bands a t  3.4 to 3.6, 6.85, and 7.30 p that are 
assigned to carbon-hydrogen vibrations and one 
a t  13.9 p that is assigned to an  uninterrupted . 
chain of methylene groups a t  l ea s t  four carbons 
long. Unsaturation i s  confirmed by a band a t  
10.2 p (trans-vinylene, RCH=CHR') that accounts 
for over half of the unsaturation. Smaller con- 
tributions to the unsaturation are due to vinyl 
(RCH=CH2, 11.0 p) and to vinylidene groups 
(RR 'C=CH~,  11.2 p). The distribution of un- 
saturation i s  in reasonable agreement with the 
findings of Chang, Yang, and Wagner14 that  the 
dimer from electron or gamma radiolysis of hex- 
cne-1 consisted of olefins that were 57% trans- 
vinylene, 27% vinyl, and 3% vinylidene groups. 
These  results  are in contrast with the distribution 
of the  olefins in high-molecular-weight polyeth- 
ylene polymerized catalytically (60% vinylidene, 
20% trans-vinylene, and 20% vinyl), reported by 
Rugg, Smith, Wartman, and Bacon. 15 

Air oxidation of the liquid polymer (11 days  a t  
room temperature) was accompanied by a change 
in odor and cltiinges in the infrared absorption 
spectrum. A new broad band appeared a t  2.9 p, 
due to the presence of hydrogen-bonded hydroxyl 

1 3 ~ .  Glockler and G .  B.  Heis ig ,  J. Phys .  Chem. 36, 
769 (1932); C .  R. Maxwell, V .  P. Henri, and D.  C .  
Pe terson,  J .  Chem. Phys .  18, 179, 207 (1950). 

l4I'. C .  Chang,  N. C .  Y a n g ,  and C .  D.  Wagner, 1. Am. 
Chem. Soc. 81, 2060 (1959). 

1 5 ~ .  M .  R; g, J .  J .  Smith, and J .  H. Wartman, J. 
Polymer Sci. 13, 1 (1953); F. M. Rugg, J .  J .  Smith, and 
R .  C .  Bacon, J. Polymer Sci. 13, 535 (1954). 



Table 4.1. Analyses of Gaseous Products of the Alpha Radiolysis of c ~ H ~ ~  

Run I1 Run 111 

Vol of reaction vesse l :  3143 c c  3064 c c  

Initial amount of C2H4 : 741 mm a t  2 4 ' ~  (3.58 g)  752 mm a t  23OC (3.49 g) 

Initial charge of Rn: 173 mc 156 mc 

Final g a s  pressure:  . 619 mm a t  23Oc (estimated) 641 mm a t  23 .5 '~  

Product 

Run I1 Run I11 

Concentration Weight . Concentration Weight 

(vol %) (mg) (vol %) (mg) 

trans-Butene-2 

Unknown C hydrocarbon 5 <0.01 

i-C +H 1 0.01 

n-C H 5 12 0.04 

2,2-Dimethyl-butane 0.01 

Unltnown C6 hydrocarbon 

n - C ~ H  14 0.21 

Unknown C7 hydrocarbon 0.01 

Unknown C8 hydrocarbon 0.03 

n-C8H18 

Unknnwn C9 hydrocarbon 

Total  9 8  1 3440 93.4 32 30 

. a ~ e e  ref 12. 

b ~ i t h  columns used for t h i s  analys is ,  C2H2 and C2H4 would not be  separated.  

%ith columns used for th is  analys is ,  C3HG and C H would not be  separated.  3 8 



groups (alcohols or carboxylic acids) ,  and a 
strong absorption band appeared a t  6 p,  due to 
the presence of carbonyl groups (in the form of 
aldehydes, ketones, or acids). The relative in- 
tensit ies of the absorption bands due to olefins 
were l i t t le  changed. The results  are in agreement 
with the products that have been reported for the 
auto-oxidation of olefins. 1 G 

The composition of the liquid polymer was in- 
vestigated by gas  chromatography, with and with- 
out n-heptane added a s  an internal standard. The 
operating conditions of the chromatograph (150°C) 
limited the  analysis;  hydrocarbons above n-decane 
were not detectable, and the column did not sep- 
arate olefins from saturated hydrocarbons of the 
same carbon chain. The results  are shown in 
Table 4.2. 

Table  4.2. Analysis of Liquid Products of the 

Alpha Radiolysis of C2H4, Run II 

Percent by Weight Weight 
Product of Product of Product 

in Liquid Phase (mg) 

n-Hexane, 
n-hexene 

n-Heptane, 
n-heptene 

Unknown C8 
hydrocarbon 

n-Octane, 
n-octene 

Unknown C9/C10 
hydrocarbon 

Unknown C9/C 
hydrocarbon 

Unknown C9/C10 
hydrocarbon 

Unknown C9/C10 
hydrocarbon 

n-Decane, 
n-decene 

Greater than CI0 
hydrocarbona 

= ~ o t  detected by the gas chromatograph at 1 5 0 ~ ~ .  

A study of the gaseous and liquid products re- 
ported in Tables  4.1 and 4.2, respectively, shows 
(1) that the even-numbered (carbon atoms) com- 
pounds predominate over the odd-numbered com- 
pounds and (2) that the straight-chain hydrocarbons 
predominate over the branched-chain products. 
The infrared spectrum is not in disagreement with 
this observation, a s  the RCH=CHR' structure is 
far more abundant than the RR°C=CH2 structure. 
Since the structure of R and R' is not known, 
further inferences cannot be made a t  this  time. 

yang8 found that of the four hydrocarbon prod- 
uc ts  observed, only C2HG was  formed by a free- 
radical mechanism. ~ a m ~ e ~  found that the G of 
C3H8 and n-C5H12 decreased by factors of 3 
and 2, respectively, a s  the C2H4 pressure was  
increased from 75 to  150 mm. 

The above observations and our results  would 
indicate (1) that the majority of the products result 
from consecutive ion-molecule reactions, (2) that 
the ion-complexes formed are stabilized by col- 
l is ions s o  that bond ruptllre is minimized, and 
(3) that wall effect may be important in the alpha 
radiolysis of C 2 H 4 .  

Catalyt ic  Reactions on ~ e m i c o n d u c t o r s ' ~  

G, E. Moore E. H. Taylor H. A .  srnithl8 

Hydrogen-deuterium exchange and the decomposi- 
tion of formic acid were studied from 100 to 400°C 
over samples of germanium doped with 1 0 l 6  to 
lo2' atoms of n- and p-type impurities per cubic 
centimeter. Over these  wide ranges of electronic 
chemical potential (Fermi level) and temperature, 
the rate and activation energy of the exchange 
reaction vary definitely with the Fermi level. 
A minimum in the activation-energy-Fermi-level 
curve sugges ts  a mechanism in which one s t e p  is 
rate limiting on the n-type and a different s t e p  on 
thc p-type s ide  of the intrinsic composition. Of 
the two paths for formic acid decomposition, only 
dehydrogenation seems to be markedly affected 
by doping. 

lG]. L. Bolland, Quart. Rev. (London) 3, 1 (1949). 

17~bst rac t  of paper accepted by the ]ournal of 
Physical Chemistry. 

18consultant from the University of Tennessee, 
Knoxville. 



Radiation. Effects on Surface Reactivity 
o f  Sil ica Gel  

H. W. Kohn 

The transfer of gamma-ray energy from high- 
surface-area materials such a s  s i l ica  ge l  to ma- 
te r ia ls  adsorbed on their surfaces has  been studied 
by reactions such a s  pentane radiolysis, l 9  cumene 
decomposition, and deuterium exchange with 
methane and with hydrogen.21 T h e  study of inter- 
mediates involved in such reactions is being 
continued here by examining the reactions of 
severa l  polynuclear aromatic compounds adsorbed 
on s i l i ca  gel  and then irradiated. The  colored - 
products were compared with the colored products 
produced by adsorption of the sallle compounds 
on silica-alumina but without irradiation. 

The  color reactions of these  compounds were 
studied by the following procedure. First ,  samples 
were prepared in pairs  by vaporizing 100 to 200 mg 
of organic adsorbate onto 1 0  g of s i l ica  ge l  or 
silica-alumina previously degassed a t  320%. In 
a l l  c a s e s ,  the compound adsorbed on the si l ica-  
alumina became colored, the colors varying from 
pale  yellow for benzene to dark blue-gray for 
triphenylene, whereas the silica-gel-adsorbed com- 
pounds remained nearly colorless.  Then, the 
ci!ira-gel-plus-organic-adsorbate samples were ir- 
radiated for 1 hr in a 600-curie c o b "  gamma source 
(about 2 x l o 5  r). The irradiations were carried 
out a t  -78OC in order to increase the stnbility 
of the colored intermediates. Of the 17 compounds 
s o  examined, 10  showed gvod color correlations; 

. that  i s ,  the color of the organic compound irradi- 
a ted  on si l ica ge l  was similar to  that obtained by 
simply adsorbing the same compound on si l ica-  
alumina. Since silica-alumina is known to produce 
predominantly carbonium ions,  2 2  the color com- 
parisons indicate that most of the radiation- 
produced .intermediates are ionic. 

F ive  of t hese  colored compounds were suffi- 
ciently stable that their reflection spectra could 
be  obtained. The  general shape  of each reflec- 

' tance-vs-wavelength curve depended only on the 

1 9 ~ .  M. Caffrey, Jr., and A. 0. Allen, 1. Phys .  Chem. 
62, 38 (1958). 

2 0 ~ .  R. Hentz, J. Phys .  Chem. 65,  1470 (1961). 

2 1 ~ .  W. Kohn, J. Phys .  Chem. 66,  1 1  (1962). 

2 2 ~ .  K. Hall, 1. C a t a l y s i s  1 ,  5 3  (1962). 

organic compound, whether adsorbed on silica- 
alumina or adsorbed on s i l ica  gel  and then irradi- - 

ated, although the actual  positions of the reflec- 
tance maxima or minima shifted in some c a s e s  ' 
when the adsorbent was changed, sometimes by 
hundreds of angstroms. The intermediates are 
apparently identical on irradiated si l ica ge l  and 
unirradiated . silica-alumina when anthracene and 
triphenyl methane are the adsorbates, but for 
diphenylethylene, naphthalene, and p-quaterphenyl 
there i s  only a qualitative similarity. 

Experiments designed to determine the reactions 
of some of these  intermediates with hydrogen or 
oxygen have been started. Reaction vesse l s  con- 
taining 10 g of si l ica gel ,  previously degassed 
a t  520°C, 1 millimole of organic adsorbate, and 
about 0.1 acm of O2  or H 2 ,  and fitted with a small 
mercury manometer, were irrndiated in a 2700-curie 
c o G O  source. The reaction was  followed between 
irradiations by measuring g a s  pressure. Within 
experimental uncertainty, no radiation-induced re- 
action of hydrogen with any of the organic com- 
pounds tested s o  far was observed, but consiclcr- 
able reaction with oxygen was  noted. Resul ts  to 
date for adsorbates on si l ica ge l  are summarized 
below; the G values,  G(-02), are calculated on ' 

the bas is  of the number of oxygen molecules which 
disappear per 100 ev  of radiation energy absorbed 
by the si l ica gel: 

Compound G Value 

Naphthalene 3 .3  

Biphenyl 1.6 

Phenanthrene 1.8 

Anthracene 28.4 (initial) 
17.4 (final) 

Toluene 3.6 

The following o b s e r v a t i v ~ ~ s  show thnt we are 
actually studying a radiation-induced reaction of 
the organic material with oxygen, caused by the 
absorption and transfer of energy by the si l ica gel .  
Very little oxygen i s  adsorhed by the si l ica ge l  
alone.  h he most radiation-sensitive compound 
(anthracene), when dispersed on f ine sand arid 
irradiated in oxygen, does  not form color or absorb 
oxygen.] The  colors formed in the absence of 
oxygen are not observed when oxygen is present; 
instead,  the organic compounds turn dark brown 
(except for those with toluene on them), probably 



indicative of a mixture of organic oxidation prod- 
ucts .  Finally, the energy absorbed by the organic 
molecules is s o  small that, if decomposition were 
attributed to  this  energy, the G values would be 
much too high, in the hundreds. 

There i s  some postirradiation reaction of anthra- 
cene and toluene with oxygen, which indicates 
that irradiation can produce active s i t e s  in the 
s i l ica  gel  which can catalyze the reaction of these  
compounds with oxygen. The silica-alumina-cat- 
alyzed (unirradiated) reaction of anthracene with 
oxygen a t  room temperature has  been previously 
reported, 2 3  and this  observation is consistent 
with the production of the oxidative catalytic 
properties in s i l ica  ge l  by irradiation. Such a 
postirradiation effect was not noted with the other 
compounds examined; it may be present but too 
slow to be noticeable within the usual  time of 
the experiments. 

We have completed experiments that  relate 
hydrogen-deuterium exchange rates on irradiated 
and unirradiated si l ica ge l  to the aluminum im- 
purity and the water content of the gel. After 
initial degassing a t  500°C, the catalytic activity 
of the gel was proportional to i t s  aluminum con- 
tent, and the increase in catalytic activity pro- 
duced by irradiation depended similarly upon 
aluminum content. Continued dehydration of the 
gel  by heating under vacuum generally resulted 
in ge l s  that were more active catalytically; how- 
ever, the proportionality to aluminum content did 
not always persist  through such treatment. 

It had been supposed that the enhanced activity 
of si l ica gel was due to the rcmoval of adsorbed 
water by the radiation. However, further evidence 
on poison removal by radiation makes this l e s s  
likely a s  a mechanism for the radiation enhance- 
ment of i t s  catalytic activity. On the one hand, 
the removal of small amounts of adsorbed hydrogen 
by a Tesla-coil discharge was  accompanied by a 
decrease rather than an increase in catalytic 
activity. On the other hand, a high-temperature 
evacuation following a gamma irradiation resulted 
in a decrease in catalytic activity, although the 
evacuation should have removed some poison. 
Clearly, the decrease of catalytic activity caused 
by annealing of radiation-produced defects  was 
more important than any enhancement by poison 

removal. Furthermore, the increased activity ob- 
tained by very-high-temperature evacuation could 
well result from crystallization, because quartz, 
cristobalite, and vitreous s i l ica  are a l l  more 
active than the gel ,  even when degassed a t  900°C 
(rate constants are to min-' m-* for 
these  s i l icas  compared with 1 to 6 x lo-' for 
s i l ica  gel). 

Photolysis of Di lute Hydrogen Peroxide Solution 
i n  the Presence of Dissolved Hydrogen and 

Oxygen: Evidence Relating to the Nature 
of  the Hydroxyl Radical and the 

Hydrogen Atom Produced i n  
the Radiolysis of Water 

C. J. Hochanadel 

Chemical measurements indicate radiation-in- 
duced decomposition of liquid water to OH radicals  
and H atoms or their chemical equivalents. Some 
studies suggest  more than one form of each, but 
their actual  ider~ti ty and molecular constitution 
i s  not known. It is a l so  not known whether only 
one form of each is produced in the initial proc- 
e s s e s  of the radiation-induced decomposition of 
water. For example, very recent results  of Czapski 
and ~ l l e n ' ~  indicate that only one form of hy- 
drogen atom is produced initially, whilc other 
results  suggest  that about 20% of a second form 
is produced initially. It is conceivable that  
hydroxyl radicals may react either a s  OH, H ~ O + ,  + 
or 0 - ,  and hydrogen atoms a s  H, Hz , or e- . 

aq 
T11e three species  in each c a s e  could be regarded 
a s  neutral, acidic, and basic forms, respectively. 
They could be distinguished by the nature and 
ra tes  of reaction with various solutes.  

Evidence regarding a postulated intermediate 
can be obtained by comparing the chemical be- 
havior of the species  produced in radiolysis with 
the species  produced by methods which allow 
more certain identification. Most evidence indi- 
ca tes  that photolysis of hydrogen peroxide pro- 
ceeds  via initial dissociation to two OH radicals. 
This  system, therefore, offers a simple means 
of studying reactions of OH radicals  uncontami- 
nated by other initially produced species .  

The kinetics of the photolysis of hydrogen 
peroxide was studied in the presence of dissolved 

2 3 ~ .  M. Roberts, C. Barter, and H. Stone, J. Phys .  
Chem. 63 ,  2077 (1959). 

2 4 ~ .  Czapski and A.  0. Allen, J. P h y s .  Chem. 66 ,  
262 (1962). 



hydrogen and oxygen. This allowed comparison 
of the properties of the hydroxyl radical produced 
hy the photolysis of hydrogen peroxide, and of 
the hydrogen atom produced by the reaction of 
H2 with this hydroxyl radical, with the corre- 
sponding properties, previously determined, of 
the species  produced in the radiolysis of water. 
The comparison was made by accurate evaluation 
of relative rate constants for the reaction of H 2 0 2  
and H2 with the hydroxyl radicals, and for the 
reaction of H 2 0 2  and O2 with the hydrogen atoms 
produced in the two systems. The effect of pH 
on these  ratios was a lso  investigated. This 
study has  been completed and will be published 
in the Fricke Commemorative i s sue  of Radiation 
Research (September 1962). A summary follows. 

At sufficiently low concentration of hydrogen 
peroxide and/or sufficiently high light intensity, 
the photolysis of hydrogen peroxide i s  a non-chain 
reaction, with an overall limiting quantum yield 
for peroxide removal of unity. Added hydrogen 
increases the quantum yield, probably by com- 
peting with peroxide for hydroxyl radicals to form 
hydrogen atoms which react with peroxide to re- 
form hydroxyl radicals, etc. The ratio of rate 
constants, kH2+ O H  / k H  = 0.93, is the same 

2 2 
a s  that reported previously for the radiolysis of 
water. This indicates that the hydroxyl radical 
produced in the radiolysis of water has the same 
chemical structure a s  OH produced by the photo- 
decomposition of hydrogen peroxide. Even though 
H ~ O +  may be produced initially in the radiolysis 
of water, presumably i t  is rapidly (<lo- l3  sec) 

converted to OH ( ~ ~ 0 '  + H 2 0  + H ~ O + +  OH) before 
appreciable reaction with solutes occurs. Studies 
in perchloric acid solution showed the above ratio 
of rate constants to be independent of hydrogen 
ion concentration, a t  leas t  in the range up to 
0.4 M.  However, both sulfuric acid and hydroxide 
ion diminish the effect of hydrogen (and of hy- 
drogen plus oxygen) on the decomposition of per- 
oxide. This can be interpreted most simply a s  
the reaction of HS04- or of OH- with OH to give 
specics  (presumably HS04 and 0 - )  which do not 
react with H 2 .  On this assumption the relative 
rate constants were evaluated as :  

k~ 2t o H/'HSO -+OH/kOH-+OH = 1.0/0.005/8.0 . 

2 5 ~ .  J.  Hochanadel, J .  Phys .  Chem. 56, 587 (1952). 

The addition of oxygen along with hydrogen 
lowers the quantum yield, with 4 decreasing a s  
the concentration ratios ( H 2 ) / ( ~ 2 0 2 )  and 
(02)/(H202) increase. Oxygen competes with 
peroxide for the hydrogen atoms, thereby inhibiting 
the reaction. The ratio of rate constants in 
photolysis, ' H + H ~ o ~ / ' H  t o 2  = 2.2 x is 

much lower than that reported for radiolysis, 0.6. 
Therefore, the hydrogen atom produced by the 
reaction of H, with OH does not have the same 

L 

chemical structure a s  the hydrogen atom produced 
directly in the radiolysis of water. The above 
ratio of rate constants was . not influenced by 
hydrogen ion concentration, a t  least  in the range 
up to 0.4 M. On the other hand, Czapski and 

t 
~ l l e n ~ ~  showed'thac 02 ,  I j 2 0 2 ,  aud H 3 0  compete 
for the hydrogen atom produced in the rndiolysis 
of water in the ratio 1.0/0.54/1.0. This and other 
evidence indicates that the "hydrogen atom" 
produced in the radiolysis of water i s  some form 
of hydrated electron e -  . Thi.s is converted to 

aq 
a true hydrogen atom H by reaction with hydrogen 
ion. The hydrogen atom produced by the reaction 
of H2 with OH i s  also a true hydrogen atom. Other 
evidence (see, for example, "Radiation Chemistry 
of Sulfuric Acid Solutions," this chapter) indicates 
that still a third form may be produced at very 
high acidity. The three forms and their relation- 
sllips c ~ i i  be oummarized a o  fnllnws: 

- H +  (or H ~ o + )  H +  t 
e > H I H 2  . 

aq 

Radiation Chemistry Studies of Water as Related 
to the Ini t ia l  Linear Energy Transfer 

of  10-23 Mev Protons 

G. L. Kochanny, ~ r . ~ '  C. D. ~ o o d m a n ~ '  
Andrew ~ i m n i c k ~ ~  C. J.  Hochanadel 

The radiolysis of water is best interpreted on 
the basis of the expanding-spur (or expanding- 

2 ' ~ h . ~ .  candidate at  Michigan State University. 
Research carried out at ORNL under an ORINS Fellow- 
ship. 

27~epartment of Chemistry, Michigan State University. 

28~lectronuclear Division, ORNL. 



track) model developed by Magee and co-work- 
e r ~ . ~ ~ ~ ~ ~  Calculat ions of the spa t ia l  and temporal 
distribution of free-radical intermediates are based 
on an assumed distribution of primary spec ies  
(i.e., distribution of ini t ial  spur s i ze s ,  concen- 
tration of spec ies  in a spur, spacing of spurs,  
etc.), diffusion coefficients of the radicals, and 
rate constants  for a l l  pertinent radical-radical and 
radical-solute reactions. Several measurable quan- 
t i t i e s  which aid in  formulating and testing the 
model are the  yields of radical  and "molec- 
ular" products a s  a function of L E T  (linear energy 
transfer or energy lo s s  per unit track length) of 
the radiation, solute (scavenger) concentration, 
dose  rate, isotopic content, and temperature. 

The effect of L E T  (in the range 0.2 to 0.4 ev/A) 
on yields for several  reactions was  studied by 
using protons of various energies in the range 
23 to 11 Mev. The  so lu tes  employed quantitatively 
scavenge the  intermediates produced by the de- 
composition of the water and allow evaluation 
of the 100-ev yields GH , Go , GH , GH 20  , 
and G-H,O. The  yield for the oxidation of ferrous 

L 

sulfate decreased from 12.8 for 23-Mev protons 
to 11.3 for 11-Mev protons. The  yield for the 
reduction of ceric sulfate remained cvlrstant a t  
2.95 over th is  range of proton energies, while 
the  yield for the reduction of ceric sulfate in 
thc presence of thallous ion decreased from 6.78 
for 23-Mev protons to 6.01 for 11-Mev protons. 

The  derived molecular yields,  GH2  and GH 0 , 
2 2 

were essential ly constant a t  0.38 and 0.93 respec- 
tively over this  range of L E T ,  while GI, decreased 
from 3.00 to 2.66 and GOH decreased from 1.90 
to 1.52 a s  the  L E T  increased from 0.2 to 0.4. 
The  net yield of water decomposition, G-H,O,  

L 

decreased from 3.77 to 3.38 over th is  range of 
LET.  Doth the measured and derived yields 
extrapolate smoothly to the values reported for 
part icles of L E T  >0.4 e v / ~ . ~ " ~ ~  The results  
arc in  semiquantitative agreement with the  dif- 
fusion-kinetics model. 3013  

2 9 ~ .  H. Samuel and J .  L. Magee, 1. Chem.  P h y s .  21 ,  
1080 (1953). 

3 0 ~ .  K. Ganguly and J .  L. Magee, J. Chem.  P h y s .  25,  
129 (1956). 

The study entailed accurate measurements of 
proton energy and proton beam current, for which 
methods were devised. The beam current was  
monitored by counting the protons scat tered a t  
go0 by a very thin nickel foil through which the 
beam passed.  The proton beam transmitted by 
the foil entered either a Faraday cup for calibra- 
tion or the sample to be irradiated. T h e  primary 
energy of the protons was  determined by adding 
a known amount of aluminum absorber to reduce 
the energy to approximately 6 Mev and then de- 
termining the residual energy from the  amount 
of ferrous sulfate oxidized and the known yield 
v s  energy in this  range. The  measured value of 
23.0 f 0.1 Mev agreed within 1 %  with that  de-  
termined by the Nuclear Phys i c s  In 
th is  method the energy is degraded by aluminum 
absorbers until the response of a s i l icon surface- 
barrier counter i s  the  same a s  that produced by 
alpha part icles of known energy. 

Rodiation Chemistry of Sulfuric Acid Solutions 

J .  W. Boyle 

Ferrous ion dissolved in  air-saturated 0. 4 M 
H2S04  has  been used for years a s  a chemical 
dosimeter to determine the amount of energy de- 
posited in solution by ionizing radiations. As 
the ferrous dosimeter has  been extensively studied, 
the product yields (molecules oxidized or reduced 
per 100 ev of absorbed energy) and reaction mech- 
anisms are well established for th is  system. 
With th is  knowledge a s  a foundation, a thorough 
c o G O  radiation study was made on ferrous-sulfuric 
acid solutions a s  the acid concentration was  in- 
creased from 0.4 M to 18  M. 

One of the radiolysis products in  the ferrous- 
sulfuric acid systcm i s  hydrogen, which appears 
to be produced by two processes.  In one process  
hydrogen i s  formed in  regions of high energy 
depos i t io~l  (spurs) by the combination of two 
hydrogen atoms (molecular H2 yield). In the 
second process,  taking place in the  bulk of the 

- - 

solution, competition for hydrogen atoms by dis-  
solved oxygen and the  hydronium ions  i s  indicated. 
Hydrogen atoms presumably form the complexed 
H 0 2  and H~O',  which react  with ferrous ions.  

3 1 ~ .  R. Andersou and E. J .  Hart, Radiation R e s .  14, 
689 (1961). 

3 2 ~ .  H. Schuler and A. 0. Allen, J. Am. Chem. Soc. 33~ersonal  communication, J .  B. Ball and C. B. 
79, 1565 (1957). Fulmer, Electronuclear Division (1962). 



The hydrogen atom reaction with an oxygen mol- 
ecule results  in the reduction of the oxygen mol- 
ecule and the oxidation of three ferrous ions. 
The  reaction of the hydrogen atom with a hydro~~ium 
ion causes  the oxidation of one ferrous ion and 
the  formation of one molecule of hydrogen. 

The rates of production of H 0 2  and H 4 0 t  are 
given by 

and 

respectively. G(H0;) and G ( H ~ O  ') arc obtained 
respectively from the -02 yield and the H2 yield. 
The  O2 and H 3 0 t  concentrations are obtained by 
chemical analysis. If Eq. (1) is divided by Eq. 

/k t (21, t l~e  ratio of rate constants I(,, + 0 7 , )  
(H H30 ) 

can be evaluated. This  ratio was found to be 
700,000 (+6%) between 1 M and 17 M acid. 

Other products besides hydrogen are ferric ion, 
sulfur dioxide, and reduced oxygen. Their yields 
were measured and are show11 in Fig. 4.1. These  
results  together with the rcsults  from the ceric- 
sulfuric acid ~ ~ s ~ e l l r ' ~  were u e ~ r l  tn calculate 
the radical nllrl molecular product yields in aqueous 
sulfuric acid solutions a s  a function of sulfuric 
acid concentration. The radical intermediates 
believed to be present are H, OH, HS04 (or SO4-), 
and HS03 (or SO3-). The molecular products, 
postulated to be formed from the combination of 
the  above-mentioned radicals, are H 2 ,  H 2 0 2 ,  
H2S20 , ,  H 2 S 0 5 ,  and SO2.  Sulfur dioxide is 
produced from the decomposi t io~~ of dithionic 
acid (H2S206) and sulfurous acid. Yields of the 
radical and molecular products are given in 
Fig. 4.2. 

Radiolysis of Aqueous Nitrate Solutions 

H. A. Mahlman 

Investigation of the co60 gamma radiolysis of 
aqueous nitrate solutions, specifically concen- 

3 4 ~ .  W. Boyle, Chem.  Div .  Ann.  Progr. R e p t .  J u n e  20, 
1961, ORNL-3176, p 33. 
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SULFI-IRIC ACID CONCENTRATION 
( ELECTRON FRACTION ) 

Fig. 4.1. Product Yields as a Function of Sulfuric 

Acid Concentratlbn for t l ~ t  Cammo lrrndiatlon of Ferrous 

Sulfate Solutions. Sources of the SO2 yields:  @, 
J.W.B. [from Fe(I1)-aqueous ~ ~ ~ 0 ~ 1 ;  A, J.W.B. [from 

Ce(1V)-aqueous H2s04]; , C. J.H., J.A.G., and T. J.S. 
[from aqueous H ~ s o ~ ] .  

SULFURIC ACID CONCENTRATION SULFURIC ACID CONCENTRATION 
[ELECTRON FRACTION) [ELECTRON FRACTION) 

Fig. 4.2. Calculated Rodical (at  Left)  and Molecular 

Product (at Right) Yields as a Function of Sulfuric 

Acid concentration for Dilute Solutions of Ce(lV) and 

Fe(ll). 

crated aqueous NaN03 solutions, was continued. 
When water i s  irradiated i t  decomposes into hy- 
drogen atoms and hydroxyl radicals. As these 
radicals diffuse from their s i te  of origin, like 
radicals may react to form the detected molecular 



products  H2  and H 2 0 2 ,  while the  react ion of un- UNCLASSIFIED 
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l ike  rad ica l s  regenerates  water. 8.0 I I I I I I I I 

When concentrated aqueous NaN03  solut ions 
A 

are  irradiated, product y ie lds  in  e x c e s s  of those  
predicted from the  radical  y ie lds  a re  observed. 
T h e s e  e x c e s s  product y ie lds  have  been descrip-  
t ively termed "direct-action yields" ' and imply 
a direct  interact ion of the incident  radiation with 
t he  dissolved solute.  CURVE A , OBSERVED G(cef3)  

CURVE B , EQUIVALENT G ( c ~ + ~ )  
ce4+-0.8 N H2SO4-NaN03 System. - The radi- DUE TO SUPPRESSIO~ 

ation-induced reduction of c e 4 +  in  t he  ce4+-0.8 N OF G ( H 2 )  

H2S04-NaN03 system offers a convenient method n̂  CURVE C , OBSERVED G ( c ~ + ~ )  
+a IN ABSENCE OF - 

to  demonstrate and  invest igate  the  direct-action 2 5.0 
- -  

NaN03 EQUAL TO 
effect.  In the  absence  of NaN03 t he  ceric  re- " 2GH20,+ G~ - G ~ ~  

duction h a s  been shown to  be  

(refs  36 and  37), where G represen ts  the number I I 
of product molecules produced per  100  ev  of ab- 
sorbed energy. In Fig.  4.3, curve A represents  
the observed G(ce3+) a s  a function of the  NaN03 
concentration i n  the ce4+-0.8 N H2S04-NnNO, 
system. 'There are severa l  del ineable contribu- 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 

NaN03  MOLARITY 
t ions  to the  observed G(c~~ ' ) ,  s uch  a s  (a) the  
cer ic  reduction by the  rad io lys i s  products from 
water a s  given by Eq. ( I ) ,  ( b )  the  suppression 
of the  G(I1,) by nitrate ions  and the subsequent  
reduction . o i  ce4 '  ions ,  and  (c) the  direct-action 
effects .  T h e  G(ce3') assoc ia ted  with the water 
radiolysis  products a re  assumed to  b e  constant  
over  the  same NaN03 con cent ratio^^ range over 
which the  GOH remains constant ,  38933 as  illus- 
t rated by curve C i n  Fig.  4.3. The  observed G(H2) 
were determined i n  the ce4+-0.8 N H2S04-NaN03 
system and were found to  agree with the  decreased  
G(H2) observed in  aqueous NaN03  solut ions,  
pH 4-5.40 The  reduction of ni t rate  i ons  by hy- 
drogen atoms tha t  nornlally form molecular hy- 
drogen caused  a decrease  in  the observcd G(H2), 
and a stoichiometric increase  i n  the  G(~e3') .  

3 5 ~ .  J .  Sworski, 1. Am. Chem.  Soc. 77,  4689 (1955). 

3 6 ~ .  0. Allen, Radia t ion  R e s .  1, 87 (1954). 

3 7 ~ .  A. Mahlman, J. Am. Chem.  Soc. 81, 3203 (1959). 

3 8 ~ .  J. Sworski, Radia t ion  R e s .  4 ,  483 (1956). 

3 9 ~ .  A. Mahlrnan, J. P h y s .  Chem.  64 ,  1598 (1960). 

4 0 ~ .  A. Mahlman. J. Chem. P h y s .  27, 1434 (1957). 

Fig. 4.3. ~ ( t a ~ ' )  in ce4+-0.8 N H2S04-NaN03 
System. 

The  extent  of t h i s  react ion is represented by the 
difference bc twren  curves B and  C. Thus  we 
have i so la ted  the enhanced G ( c ~ ~ + )  a s  the  dif- 
ference between curves  A and  B i n  Fig.  4.3, 
more clearly presented a s  curve D of F ig .  4.4. 
Extrapolation of the  l inear  portion of curve D 
(from 2.0 M and  greater)  to  zero NaNOj concen- 
tration cnables  u s  t o  separa te  two contributions 
to  t he  enhanced G ( c ~ ~ + ) ,  one of which i s  direct ly 
proportional to  NaN03 concentration. 

H ~ O ' ~ - N ~ N O ~  System. - The u s e  of 018-labeled 
water enabled s tud ies  to  be made of the  origin of 
the  molecular oxygen formed by t he  c o G O  gamma 
irradiation of aqueous NaN03  solut ions,  pH = 4-5. 
Mass spectrographic ana ly s i s  of t he  oxygen indi- 
ca ted  that  i n  NaN03 solut ions l e s s  than  2.0 M 
the niolecular oxygen w a s  formed e i ther  by the  
decomposition of water or  by some participation 
of water and  ni trate  ions.  T h i s  process  reached 
a maximum, while  a second process ,  the  formation 
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action in concentrated aqueous NaN03 solutions 
that i s  directly proportional to concentration. 

An additional process may involve the partici- 
pation of water and nitrate ions  in the formation 
of molecular oxygen. 'l'his process occurs a t  
NaN03 concentrations l e s s  than 2.0 M and i s  

3+ the cause  of the, rapid initial increase in G(Ce ) 
in the ce4+-0.8 N H2S04-NaN03 system. This 
process i s  difficult to explain. We may, however, 
delineate criteria for the mechanism and then 
postulate a possible mechanism: The OH-radical 
yield must remain c ~ n s t a n t , ~ ' * ~ *  and the increase in 
G ( c ~ ~ + )  must be essential ly equal to the OH-radical 
yield a s  shown by the extrapolated intercept of 
curve D of Fig. 4.4 .  Moreover, the isotopic com- 
position of the O2 formed indicates some scram- 
bling of oxygen atoms from. the H 2 0  and NO3-. 
A mechanism meeting these criteria may be merely 
scavenging of ~ ~ 0 '  by nitrate ion prior to the 
formation of hydroxyl radicals. 

Radiolysis by Transferred Energy of Nitr i te  Ion 
in a Potassium Bromide Matrix 

A. R. Jones  

r i g ,  4.4. Fnhnnced Cerous Yields. 

of moleculat oxygen from rlitratc ions, s teadily 
increased with increasing NaNU3 concentration. 
Th i s  direct proportionality sugges ts  a direct 
action on the nitrate ion by the radiation: 

A comparison between the molecular oxygen 
formed from the  nitrate ions and the linearly de- 
pendent portion of the enhanced G ( c ~ ~ + )  observed 
in  the ce4'-0.8 N H2S04-NaN03 system i s  a lso  
presented in Fig.  4.4.  A direct comparison was 
accomplished by using the stoichiometric cerous 
ion equivalent of the oxygen yield according to  
Eq. (2 ) ,  where each ~nolccule  of oxygen that i s  
formed produces two nitrite ions,  each of which 
reduces two ceric ions.  The quantitative agree- 
ment of the cerous spectrophotometric da ta  (curve 
E )  with the  mass spectrographic oxygen data 
(solid circles)  supports the hypothesis of direct 

The investigatjon of radiolysis by transferred 
energy was continued. 41142  The decomposition 
of nitrite ion dispersed .in potassium bromide was 
studied a s  a functiuu of the tot~l energy absorbed 
by thc dispersion for several  ini t ial  concentrations 
of the reactant. It was found that the nitrite ion 
apparelitly disappeers by two concurrent first-order 
processes.  A typical plot of log C vs  the cumu- 
lat ive dose i s  presented in Fig. 4 . 5 ~ .  The early 
portion of the curve is shown in  expanded sca le  
in  Fig. 4.5b.  Table 4.3 contains the first-order 
constants for the faster  and slower reactions - .  
for each initial concentration, Co of NO2 rnves- 
tigated. Also shown in this  table are the initial 
G values (Go) for these  reactions and their sums; 
each sum represents the total initial rate of dis-  
appearance 'of NO2- for each"O0 ev  of energy 
absorbed by that  whole system. The  number of 
ions decomposed by the faster  reaction for each 
Co i s  included. 

41~hem.  D i v .  Ann. Progr. Rept. June 20, 1960, ORNL- 
2783, p 27. 

42~hem.  D i v .  Ann. Progr. Rept. June 20, 1961, ORNL- 
3176, p 28. 
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- 
Fig. 4.5. The Disappearance of NO2 During Radi- 

olysis. Cg = 26.32 x 1017 ~ 0 ~ -  ions per g of KBr. 

The initial yields of both the faster and the 
slower reactions vary with .the initial concentration 
of nitrate ion. The variation is a regular one, 
although no simple relation i s  yet evident (Fig. 
4.6). It may be qualitatively explained by con- 
sidering each unirradiated mixture of potassium 
nitrite and potassium bromide a s  a structurally 
different system. That i s ,  although the faster 
reaction in each case  probably represents the 
decomposition of isolated nitrite ions - those 
which have replaced bromide ions in the KBr lat- 
tice - there i s  present in each mixture a different 
concentration of some other active species which 
can compete with the NO2- for the available 
energy. Such species could be the dislocations, 
vacancies, etc., the concentrations of which are 
characteristic of the perfection of the lattice, 
and would depend on the strains inherent in in- 
corporating the foreign nitrite ion. 

Apparent Solubility of Some Substances 

in Potassium Bromide 

A. R. Jones 

Plots of the turbidity a t  4000 A vs  the concen- 
trations of KN03 and KN02 dispersed in pressed 
KBr disks showed discontinuities which appeared 
to correspond to the respective solubilities of 

Table 4.3. The Decomposition of NOp-  Dispersed in KBr 

System 

Initial concentration (Co), 1.06 2.63 5.57 8.61 13.16 26.32 
ions x 10-l7 per g of KBr 

First-order constant for faster 

reaction, ev-' x 

First-order constunt for slower 2.58 2.98 1..74 1.59 1.27 0.81 

reaction, ev-I  x 
- 

Go for disappearance of NO2 
by faster reaction 

Go for disappearance of NO2- 0.027 0.078 0.097 0.137 0.167 0.2 12 

by slower reaction 

Total  Go for disappearance 0.14 0.22 0.31 0.38 0:54 

Total ions decomposed by 0.42 0.65 . 0.81 1.00 1.42 
fas ter  reaction X 10-l7 per g of KBr 
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INITIAL CONCENTRATION OF NO; , ions x !0-17/~ KBr 

Fig. 4.6. The Variation of the Initial Rate of Dis- - 
appearance of N O i  D i s p ~ r s e d  In KBr with the Initial - 
Concentration of NO2 . 

N O 3 -  and N O 2 -  i n  K B ~ . ~ ~  In order to determine 
whether such dlscoll~i~lu;t ico WQUIA rippear when 
t h e  dispersed ion bccnme too large to be incor- 
porated into the KBr la t t ice ,  and  thus to confirm 
or deny thc correspondence of the discontinuity 
with the  snlubility, a s e r i e s  of similar experiments 
was  made for ions  of increasing volume. Tl~r 
concentrations a t  the points  of discontinuity (for 
two wavelengths) are l i s ted  in Table  4.4. 

L i s t ed  a lso  in  the table a re  similar resul t s  for 
t he  neutral molecules hydroquinone and anthra- 
cene.  The former was  deposited from aqueous 
solution in t he  same fashion a s  the  ions;  the 
la t te r  was deposited from acetone solution, in  
which KBr h a s  more limited solubility. 

Below a certain characterist ic  concentration, 
a l l  t he se  subs tances  gave  suspens ions  showing 
no greater turbidity than that  shown by d i sks  
pressed  from pure KBr. The  concentration a t  
which turbidity ,appears  decreases  a s  the volume 
of the  dispersed subs tance  increases .  

4 3 ~ h e m .  D i v .  Ann. Progr. R e p t .  June 20, 1961, ORNL- 
3176, p 31 (Fig.  4.3 and the preceding paragraph). 

Table 4.4. Concentration Required 

for the Appearance of Turbidity 

No. of Ions 

or Molecules 
Substance per gram of KBr 

3000 A 5000 A 

B ~ O ~ -  420 480 

C H ~ C O O -  47 9 5 

C6H602 (hydroquinone) 2 1 4 2 

C 14H (anthraccne) 17 15 

( c ~ H ~ ) ~ c +  9 14 

C ~ , . , H ~ ~ O ~ ~ -  (fluorescein) 3 3 
= - 

It seems unlikely that the bulky, and even non- 
ionic, subs tances  are incorporated into the lattice. 
replacing bromide lolls, i ~ s  woo p r o p n s ~ d  for the 
N O 3 -  and NO2-  cascs .  Instead,  i t  is now be- 
lievcd that  the behavior may be compared to that 
of "colloidal electrolytes" in liquid solutions. 
Such solutinns show similnr turbidity behnvior 
a t  a concentration which coincides with that at 

which the thermodynamic properties of the solu- 
t ions become nonideal. 

This  i s  interpreted to mean that ,  although there 
is undoubtedly some solubility of small ions such 
a s  N O 3 -  and NO2-  i n  the lat t ice i t se l f ,  the re- 
mainder of the K N 0 3  and K N 0 2  and a l l  the bulkier 
ions  and neutral molecules ex is t  in these  mixtures 
a s  adsorbed or occluded aggregates ranging upward 
in  s i z e  from individual ions or molecules. In a 
liquid system an equilibrium is attained for which 
the concentration of aggregates is low until the 
cri t ical  micelle concentration is reached. In the 
present  system, however, che solid mixture i s  
formed a t  continually changing concentration, and 
there may be larger numbers of 2, 3, 4, . . .-unit 
aggregates than would be present a t  equilibrium 
in  a liquid solution. 



Radiolysis of  Liquid Oxygen and 
Oxygen-Nitrogen Mixtures 

J. F. Riley 

As previously indicated,44 there has been very 
little study45-48 of the radiolysis of liquid oxy- 
gen, despite a basic interest in the electron af- 
finity of oxygen and i t s  possible consequences. 49 

Further, Pshezhetsky's limited report45s46 of 
an ozone yield, G(03) = 15 molecules per 100 ev, 
representing an extremely efficient (22%) energy 
conversion, was not confirmed by subsequent 
workers.47348 

Our experimental method of alternate gamma 
irradiation and ultraviolet absorption measurement 
allows the in situ observation of ozone formation. 
Because ozone is 3. much stronger ultraviolet 
absorber than oxygen, we are able to determine . - 

ozone concentrations by measurement of the 
absorption in the region from 2500 to 3000 A. 
Ozone concentrations a s  low a s  0.4 ppm are 
readily determined with a precision of f 5 % .  

At any particular wavelength in the above spec- 
tral region, the change in absorbance with dose 
was a linear function for doses a s  high a s  2 x 
10 e ~ / ~ .  Incremental changes in absorbance 
were measured for dose increments of 2.2 x 1017 
e ~ / ~ .  The ratio of ozone yield from each 0 -N 

? 2 
mixture to that from pure oxygen was dctermlilrd 
from the ratio of the slopes of the straight lines, 
absorbance vs  dose, with allowance for the density 
differences. 

From the change in absorbance with dose and 
a knowledge of the absorption cocfficie;lts for 
ozone, the ozone yield G(03) was calculated. 
The absorption coefficients are known for gaseous 
ozone,50*51 but several tes ts  of internal con- 
sistency support their application to ozone in 
liquid oxygen and oxygen-nitrogen mixtures. 

- --- -- 
--- -- 

-- 
I Y 4 4 ~ z ~ i v .  Ann. frog,. Rept. June 20, 1961, ORNL- 

- 

3176, P 33. 

4 5 ~ .  Ya. Pshezhetsky et al., Collection of Papers on 
Radiation Chemistry, p 133, Academy of Sciences,  
USSR, 1955. 

*'s. Ya. Pshezhetsky and M. T. Dmitriev, Usp. Khim. 
26'(pert 7), 725 (1957). 

47 J .  F. Kircher et al., Radiation Res. 13, 452 (1960). 

W .  Brown and L. A. Wall, J. Phys. Chem. 65, 
915 (1961). 

4 9 ~ .  L. Magee and M. Burton, J. Am. Chem. Soc. 73, 
523 (1951). 

Ozone yields in the gamma radiolysis of liquid 
oxygen and 'oxygen-nitrogen mixtures are presented 
in Table 4.5. The values in the column labeled 
"G(03), Mixture/G(03), Pure 02" show the ex- 
tensive energy transfer occurring in the system. 
When the electron fraction of oxygen is 0.115 
(mole fraction = 0.102), the yield of ozone is sti l l  

'65% of that from pure oxygen. Even more striking 
is the behavior of the solution which is only 
0.050% O2 (mole fraction = 0.00050); the yield 
of ozone i s  equal to 32% of that from pure oxygen. 

In our first design of low-temperature cells,  
liquid-nitrogen coolant was present in the optical 
path. Even when the liquid nitrogen contained 
only smali amounts of oxygen (<500 ppm), energy 
transfer resulted in ozone formation, which would 
be included in the spectrophotometric assay. The 
results shown in Table 4.5 were obtained in our 
latest-design cell, which excludes all  coolant 
from the optical path. 

5 0 ~ .  C. Y. Inn and ~ . . ~ a n a k a ,  I .  Opt. Soc. Am. 43, 
870 (1953). 

5 1 ~ .  G. Hearn, Proc. fhys. Soc. (London) 78, 932 
(1961). 

Table 4.5. Summary of Ozone Yields in the 

Radiolysis of Liquid Oxygen and 

Oxygen-Nitrogen Mixtures at 7 7 O ~  

G(03), Mixture 
Mole Fraction O2 ~ ( 0 ~ ) ~  

G(03), Pure O2 

' ~ ( 0 ~ )  i s  the number of molecules of ozone produced 
per 100 ev of energy absorbed by the solution. 

b~epet i r ion  of an experiment to illustrate the preci- 
sion. 

' ~ a d i o l ~ s i s  of liquid oxygen at i ts  boiling point 
(go%), for comparison with results for oxygen at 77%. 



Figure 4 . 7 ~  shows the ratios of ozone yields 
from oxygen-nitrogen mixtures to that from pure 
oxygen. The abscissa  is the logarithm of the 
mole' fraction of oxygen. The lower curve i s  the 
ratio of yields expected on the basis  of electron 
fractions and no energy transfer. The upper curve 
p a s s e s  through the experimental points. 

To  illustrate how the enhancement of ozone 
yield is changing with composition, Fig. 4.7b 
presents the difference between the curves of 
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Fig. 4.7. (a) Ratio of Ozone Yields from 02-N2 
Mixtures to the Yield from Pure Oxygen, 7 7 O ~ ;  ( b )  Dif- 

ference Between Experimental Curve and Curve Cal- 

culated on Basis of No Energy Transfer. 

Fig. 4.7a, that i s ,  the difference between the 
experimental ratio of yields and the ratio predicted 
on the assumption of no energy transfer. The 
maximum enhancement in the ratio of ozone yields 
occurs for a solution with a mole fraction of oxy- 
gen of about 0.1. It may be noteworthy that a t  
this composition each nitrogen molecule has, on 
the average, one oxygen molecule in i t s  nearest 
neighbor shell. 5 2  

The G value for ozone formation in liquid oxygen 
at 77OK, a s  shown in the table, is twice a s  large 
a s  that reported by Brown or Kircher. Brown's 
yields were determined by titration and dilatometry 
after irradiation to lo2 '  e ~ / ~ ,  which i s  l o4  times 
our first dose increment. Brown's results for 
oxygen mixtures indicate extensive energy trans- 
fer but do not extend below ni niole fiaction of 
oxygen of 0.25. 

A mechanism to account for the observed yields 
is under consideration. Charge transfer from 

t 
N2 to O2 is known to occur in gas-phase systems 
and should play a principal role in the mechanism. 
A coupling of charge transfer, electron capture 
by oxygen, and ionic recombination may describe 
what we have called "ener4y transfer:" 

The formation of ozone is an endothermic proc- 
ess ,  and in oxygen radiolysis it represents a n  
efficient conversion of energy (radiation to chem- 
ical). In pure oxygen, G(Oj) = 12.5 shows an 
energy conversion e f f i c ic l~c~ .  of 19R; in 0.05% 0 2 ,  
the energy conversion efficiency is 6%. 

Reloading of Cobalt Sources 

J .  F .  Riley , C. J .  Hochanadel 

The Radiation Chemistry Group has two cobalt 
sources, both of which were reloaded to provide 
higher dose rates. The sources are housed in 
lead shields, the design of which was described 
previously.53 One source was reloaded with 2900 
curies of c o G O ,  and the other with 280 curies. 
The capsules containing the cobalt are of a new 
design. They consist of six stainless steel  tubes 
which contain the cobalt, and they stand in a 
stainless s teel  rack in the form of a hollow cyl- 
inder with an external diameter of 2.375 in. and 

5 2 ~ .  G. Henshaw, Phys.  Rev. 119, 22 (1960). 

5 3 ~ .  A. Ghormle and C. J .  Hochaaadel, Rev.  Sci. 
Inst,. 22, 473 (1951r. 



an internal diameter of 1.445 in. The capsule 
for the larger source is 11 in. tall, with the cobalt 
occupying the bottom 4.1 in. of the tubes. The 
cobalt was distributed to provide a uniform dose 
rate (within f 2%) over a 3-in. length along the 
vertical axis. The maximum dose rate in the cen- 
ter of the large source, a s  established by ferrous 
sulfate dosimetry, was 2.05 x 10'' ev g-l min-' 
on June 5, 1962. 

The capsule for the smaller source is 7 in. tall, 
with the cobalt occupying the bottom 4.2 in. 
Again, the cobalt i s  distributed in such a way 
a s  to provide a uniform dose rate over a 3-in. 
length along the vertical axis. The maximum 
dose rate in the center of this source was 2.08 x 
10" ev g- l  min-' on August 10, 1962. 

Radiolysis o f  Crystall ine Alkali-Metal Bromates 

by Neutron Reactor Radiations 

G. E. Boyd Q. V. Larson. 

Nuclear reactor radiations were employed to 
effect the radiolysis of the alkali-metal bromates 
to decompositions of approximately 3 mole % 
(Fig. 4.8). The sequence of increasing radiolytic 
stability for the sa l ts  was the same a s  that ob- 
served previously with c o G O  gamma rays, although 
in some instances their relative stabilities differed 
significantly. These differences could be at- 
tributed to the production of internal radiation 
sources by thermal-neutron capture in the cations 
and to the presence of low-energy components in 
the gamma-ray spectrum of the reactor. Irradiations 
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EXPOSURE ($,,, t x 1016 ) 

Fig. 4.8. Radiolysis of Alkal i  Bromates by Neutron Reactor Radiations. 



in pure, gamma-ray-free thermal-neutron fluxes, 
ORNL-LR-DWG. UNCLASSIFIED 7 0 6 0  

behind thick lithium metal shielding, and behind I J I J I J J J I ' I  
thick bismuth metal shielding were employed to 
estimate the specific decompositions caused by 
thermal neutrons, fast  neutrons, and gamma rays, 
respectively. 

The formation of bromine oxidation s ta tes  inter- 
mediate between bromate and bromide was ob- 
served. The radiolytic production of oxidizing 
fragments was dependent on the cation and became 
nonlinear with increasing exposure (Fig. 4.9); 
their "average oxidation number" appeared to 
decrease with the time of bombardment. 

EXPOSURE ( &,,,,nt x 1 0 ' ~  

Fig, A.9. Pr~duct ion  of Oxidizing Fragments in the 

Decomposition of Alkali-Metal Brornates by Nuelear 

Reactor Radiations. 



5. Organic Chemistry 

Determination of Carbon-14 and Deuterium 
Isotope Effects by the Differential Method 

V. F. Raaen T. K. Dunham 
C. J. Collins 

The differential method2 developed a t  th is  
Laboratory for studying small isotope effects - 
particularly secondary effects of C14 and deute- 
rium - was extended to include several isotope- 
position isomers of acetophenone, phenyl t-butyl 
ketone and propiophenone. The techniques em- 
ployed were similar to thosepreviously described. 

In determining the rate acceleration or deceler- 
ation caused by the substitution of deuterium for 
hydrogen, known mixtures of deuterated and 
undeuterated species were prepared, one of which 
was always labeled with c 1 4 ,  and the rate of 
change of c14 conte~lt a s  a function of fraction 
of reaction was determined. The method requires 
that the isotope effects caused by the C14 itself 
be known, and these were determined in separate 
experiments. All rcactants lor study were purified 
on a preparative vapor-phase chromatograph. The 
C14-labeled materials were synthesized by stand- 
ard methods. 

The data for each run were fitted to Eq. (1) below 
by means of a nonlinear least-squares code. 

'undergraduate trainee from Austin College, summer 
1961. 

2 ~ / ~ e m .  'Div. Ann. Progr. Rept. (a) for June 20, 1960, 
ORNL-2983, p 36, (6) for June 20, 1961, ORNL-3176, 
p 41; (c)  V. F. Raaen, A. K. Tsiomis and C. J. Collins, 
J. Am. Chem. Soc. 82, 5502 (1960). 

3~ Burrell Kromo-Tog model K-1, fitted with a 42-in. 

column packed ,with Apiezon-L supported on ~ r o k a t  
F-13, was  used. 

where 
A = molar radioactivity of each small sample 

a t  fraction f of reaction, 
A. = molar radioactivity of reactant a t  f = 0, 

k*/k = ratio of specific rate constants for re- 
action of labeled and unlabeled mole- 
cules, respectively. 

-411 experimental results, including those reported 
before, are given in Table 5.1. In order to obtain 
the isotope effect values (kD/kH) due only to the 
substitution of deuterium for hydrogen, appropriate 
ratios from the third column of Table 5.1 were 
used. Thus, the isotope effect in the derivatiza- 
tion of trideuteroacetophenone can be calculated 
by two completely separate and independent 
methods, the results being identical within + 2  
times the estimated error: 

(from runs 1 and 5, Table 5.1) 

(from runs 2 and 6, Table 5.1) . 

4 ~ e  are indebted to M. H. Lie tzke  of th is  Laboratory 
for writing the code for u s e  with the IBM 7090 computer. 
Equation (1) i s  the exponential  form of the  equation 
derivcd by A. M. Duwrres, Australian J. Sci. Research 
5A, 521 (1952). See  a l s o  C. J. Collins and M. H. 
Lietzke,  1. Am. Chem. Soc. 81, 5373 (1959). A least-  
squares fit to  Downes' l inear equation gave ident ica l  
resul ts  with those reported in Table  4.1. The error 

(C) in k k * / k  was  obtained a s  follows: 

where x r 2  = sum of squares  of the res iduals  of fit; 
n = number of data points; 

b l l  = 1,l-element of the matrix ( x T x ) - l ,  where 
X = the matrix of the partial  derivatives 
with respect  t o  the parameters. 



Tab le  5.1. Experimentally Determined Values of the Isotope Effect 

in  Convers.ion of Ketones to Their 2,dDinitrophenylhydrazones 

Run No. Mixture k2/k (ref a) 

a ~ a t i o  of specific rate constants  for c14-labeled (k*) and unlabeled (k) spccies.  These  values are correctedfor 
the mole fraction of each spec ie s  present. All reactions were carried out under conditions of proven irreversibility. 

c14-labeled and unlabeled spec ie s  present. 

C ~ a t a  of ref 2c. 

d~ ign i f i cancc  d o ~ ~ h t f u l .  

e ~ h e  insignificant contribution of the terminal c 1 4  has  been neglected. 



The deuterium isotope effects ( k D / k H )  calculated 
from Table.5.1 are listed in Table 5.2: The data 
for runs 1, 5, 6, and 9 are plotted in Fig. 5.1, and 
the data for runs and 13 are given in Fig. 5.2. 
These plots are typical and demonstrate the value 
of the differential method.. Figure 5.2 illustrates 
that. even the very small isotope effects.reported 
in Table 5.1 can be significant and meaningful. 

None of the conventional e ~ ~ l a n a t i o n s ~ - ~  for 
previously observed secondary isotope effects 
will uniquely explain all  the data. Therefore, 
further experiments are under way which, i t  is 
hoped, will help clarify the nature and origin of 
these small rate differences. 

Nuclear Magnetic Resonance Studies: Conforma- 
tion and the Deamination Reaction of erythro-2- 

Amino- 1-pheny lpropanol 

B. M. Benjamin 

It has  been shown, through a series of investi- 
gations involving c labeling, resolutions, 

'v. J .  Shiner, Tetrahedron 5 ,  243 (1959); V. J. Shiner 
et al . ,  Ann. N .  Y .  Acad. Sci. 84, 583 (1960). 

. 6 ~  S. Lewi s ,  Tetrahedron 5, 135 (1959). 

'A. Streitwieser, J r . ,  Ann. N .  Y .  Acnd. Sci. 84, 576 
( 1960). 

'E. A. Halevi et a l , ,  I .  Chem. Soc. 630 (1960); ibi& 
394, 1967, 1974 (1959); Tetrahedron 1, 174 (1957). 

9 ~ .  S. Bartell, Tetrahedron Letters 1960, 13. 

degradations and isotope dilution experiments, 
that the distribution of products of deamination of 
substituted ethanolamines is controlled by the 
conformations of the reacting molecules. For 
example, the model compound, (+)-erythro- 1-amino- 
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k* - = 0.847 2 .003 

, ( R u n  No. 5 )  t.60 - 

A 

A0 

0.80 - 

Fig. 5.1. Deuterium Isotope Effects for Runs 1, 5, 6 ,  

and 9 .  

Table  5.2 Summary of k D / k H  Isotope Effects i n  the Conversion of 

Ketones I-1V to Their 2,6Dinitrophenylhydrazones 

Run No. from . 
No. Compound . k ~ / k ,  Table 5:l ' 

1 PhCOCD 1.119 k0.005 1, 5 

C D  3 

, 4  PhCOCD *CH ,, 1.124 f 0.005 

5 
PhCOCH 2CD 0.9952 f 0.0006 13 
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Fig. 5.2. Deuterium Isotope Effects tor Runs 3 and 13. 

1-phenyl-2-p-tolylpropanol-2, upon deamination, 
gave an 80% yield of ketonic product of which 
75% had inverted and, 25% had retained configura- 
tion. The dnta permit the approximate estimate of 
populations of rotational conformations, the pre- 

ferred conformation (60 to 75%) having the large 
nonmigrating groups (phenyl methyl) /runs, 
and the hydroxyl and amino groups gauche, I: 

It is possible with certain compounds of the series 
to obtain an estimate of the conformational variety 
by analysis of their nuclear magnetic resonance 
(NMR) spectra. 

The NMR spectrum l o  of erythro-2-amino-1- 
phenylpropanol. hydrochloride (11) in deuterium 
oxide solution gave the following data: CH3, 
doublet at 8.34 7; ] = 6.70 cps; N-C-H, eight com- 
ponents centered a t  5.9 7; 0-C-H, doublet at4.6 
7, 1 = 4.47 cps; rapidly exchanging - N H ~ +  and 
-OH at  4.9 7; phenyl protons, one peak a t  2.1 7. 

The magnitude of the spin-spin coupling constant 
] between protons in H-C 1-C2-H systems is a 
function of the dihedral angle between the two 
C-H bonds, a s  shown theoretically and experi- 
mentally ' -I3 for rigid cyclic molecules. The 
coupling constants for systems undergoing rotation 
i s  averaged over all  co~~formntions, and for systems 
in which rotation is restricted, ] is a key to the 
equilibrium population of the rotational conforma- 
tions. l 4  The value of J for the two protons, . 

N 0 
I I 

H-C-C-H , 
of I1 is 4.47 cps. Assuming from the data of 
sheppard ' 2 *  l 5  for the gauche conformations IIa 
and IIb the coupling constant ] = 1 to 3 cps, and 
for the trans conformation 11, IT = 11 to 13 cps, 
and, using the equntion of Bothner-By, l 4  P I I c  = 

(Jobs  - i,)/(jT - I,), i t  W a c  c l l r~ l l a red  that the 
population of conformation IIc was (25 f lo)%: 

IIa  IIb I1 c 

1 ° ~ i n d l y  obtained by Varian Associates,  Pa10 Alto, 
Calif., on an A-60 spectrometer. 

I'M. Karplus, I .  Chem. Phys. 30, 11 (1959). 

1 2 ~ .  Sheppard and J .  J .  Turncr, Prorr. Roy. Soc. 
(London) A252, 506 (1959). 

1 3 ~ .  Conroy, p 265 in Advances in Organic Chemist 
Methods and Results, Interscience, New York, 198 .  

1 4 ~ .  A. Bothner-By and C. Naar-Colin, 1. Am. Chem. 
Soc. 84, 743 (1962) and references therein. 

15c. N. Barnwell, N. Sheppard, and J .  J .  Turner, 
Spectrochim. Acta 16, 794 (1960). 



Since the large, medium, and small interactions 
are probably about the same for IIa and IIb, they 
should be present in equal quantities and should 
make equal contributions to the observed coupling 
constant. 

Interpreting these results in terms of chemical 
behavior during the deamination reaction, the 
following results would be expected: the breaking 
of the carbon-nitrogen bond through nitrous acid 
deamination of molecules of I1 residing in con- 
formation IIa would result in hydrogen migration, 
and propiophenone would be formed. Conformation 
IIa would afford hydratropic nldchyde through 
phenyl migration, whereas IIc would give the 
ionic intermediate 111, which would either undergo 
rotation through a 30° angle about the central 
carbon-carbon bond before phenyl migration or 
could give some glycolic material by interaction 
with solvent: 

Thus, hydratropic aldehyde would be expected to 
be formed to the extent of about 62%, and i f  the 
starting amine I1 were resolved, the upper limit of 
aldehyde of inverted configuration would be 
about 74%. 

Infrared ailalysis of the deamination product of 
I1 showed that the carbonyl fraction contained 56% 
of hydratropic aldehyde and that some glycolic 
material was present, thus confirming predictions 
from the NMR spectrum. The resolution of I1 has  
not yet been accomplished. 

participation of the migrating group, bridging, 
occurred in 1,2-disubstituted ethanol amine 
systems.. We have now used similar methods to 
investigate the deamination of a system, norbornyl 
m i n e ,  which has  been reported17 to rearrange 
through bridged ion intermediates and subsequently 
was used a s  the c lass ic  example of that mechan- 
nism. Accordingly, endo-5-norbornene-2-carboxylic 
acid was prepared by fractional crystallization of 
i t s  cinchonidine salt ,  and i t  was resolved into 
the optically pure enantiomer, [a] 2D5 = -144.5. l8  

This acid was converted to the methyl ester, which 
was then isomerized to a mixture of exo- and endo- 
stereoisomers by treating i t  with sodium methoxide 
in methanol. The resolved free exo-acid was 
recovered by separating a mixture of endo- and 
exo-iodolactone. I 9  It was then catalytically 
reduced to exo-2-norbornanecarboxylic acid, 
[a] 2; = -26.8. Optically active exo-norbornyl 
amine (I) was obtained from the above saturated 
exo-acid by an adaptation of the Schmidt reaction. 
The rotation [a]25 = -18.1 was the same in  two 

c .  
separate preparations. Optical and chemical 
purities of the m i n e  were demonstrated by the 
fact that i t  formed only one acetyl derivative, 
[a1 i5 = +12.3. 

Treatment of the optically pure amine in glacial 
acetic acid solution with sodium nitrite afforded, 
after appropriate workup of the reaction product, 
optically active exo-norbornyl acetate, a 2; = 

1.6210 f 0.0030 (neat, 1 dm). Chemical purity of 
the acetate was established by i t s  refractive 
index20 (N: = 1.4562) and infrared spectrum2' 
and by the fact that i t  gave only one peak upon 
vapor-phase chromatography. 

Since the maximum rotation of exo-norbornyl 
acetate i s  12.65, 2 1  i t  follows that the deamination 
of (-)-exo-norbornyl amine produced exo-norbornyl 
acetate, which had retained 12.8% of i t s  optical 

The Deamination Reaction: Rearrangement 
a c t i v i ~ ~ .  Therefore thereaction took place with 

of (-)-exo-Norbornyl Amine 

B. M. Benjamin C. J. Collins 

1 7 ~ .  D. Roberts, C. C. Lee, and W. H. Saunders, Jr., 
In previous work on the deamination rearrange- 1. Am. Chem. 769 4501 (1954). 

ment16 we demonstraeed that no driving force for "J. A. Berson and D. A. Ben-Efraim, J. Am. Chem. 
Soc. 81. 4094 (1959). 

19c. D. Ver Nooy and C. S. Rondestvedt, J. Am. 
Chem. Soc. 77. 3583 (1955). 

"B, M. 13enjnrnin. P. Wilder, Jr., and C. J .  Collil~s, 2 0 ~ .  Winstein and D. Trifan, 1. Am. Chem. Soc. 74, 
J. Am. Chem. Soc. 83, 3654 (1961); B. M. Benjamin and 1147 (1952). C., J .  Collins, J. Am. Chem. Soc. 83,3662 (1961); Chem. 
Dzv. Ann. Progr. Rept. June 20, 1961, ORNL-3176, 2 1 ~ .  A. Berson and S. Suzuki, 1. Am. Chem. Soc. 81, 
p 42. 4088 (1959). 



43.6% inversion of configuration and 56.4% reten- The syn- and anti-Isomers of iso-Butyrophenone- 
tion of configuration. This  result is not compat- 2,4-Dinitropheny l hydrazone 
ible with the current hypothesis that the important 
intermediates in the rearrangernellt process arc B. M. Benjamin A. C. Rutenberg 

the norbornonium cation (11) and the nortricyclo- 
nium (111) cation because, when correctly drawn, 
these ions are seen to possess  a plane of sym-." 
metry and thus would be expected to react equally 
a t  positions 1 and 2 in ion I1 or at positions 1 
and 6 in ion 111, thus producing a racemic product: 

A more satisfactory interpretation of the mecha- 
nism is that deamination of I initially produces 
the classical  carbonium ion IV, which reacts with 
solvent to give a product of retained configuration 
faster than i t  rearranges to ion V. Once formed, 
ion V can react with solvent to give inverted pro- 
duct or can be converted back to ion IV: 

RETENTION 
56.4 % 

INVERSION 
4 3 . 6  % 

The problem of stereoisomerism about the C=N 
bond of ketone 2,4-dinitrophenylhydrazones was 
studied22 by means of their proton nuclear mag- 
netic resonance (NMR) spectra. The resulting 
data were interpreted in terms of restricted rotation 
about the C=N bond. Although individual syn- and 
anti-isomers were not available, assignments of 
nuclear magnetic resonance (NMR) signals to pro- 
tons of a single isomer were made, based on c e r  
tain assumptions. The 2,4-dinitrophenylhydrazone 
of methyl ethyl ketone is used a s  an example. 
This compound gives two resonance signals for 
each of the two different methyl groups and the 
methylene group, the larger signal of each pair 
being assigned to the syn-methyl isomer, which 
from steric considerations would be the favored 
configuration. Thus, the more intense a-methyl 
and @-methyl signals were shifted upfield, and 
the more intense a-methylene signal was shifted 
downfield. Therefore, i t  was reasoned that a- 
hydrogens syn to the anisotropic 2,4-dinitrophenyl 
group are shielded and that syn 0-hydrogens are 
deshielded. Data obtained in this Laboratory does 
not confirm the generality of the above conclusions. 

During work on the deuterium isotope effect 
problem,23 i t  was found that between O°C and 
room temperature iso-butyrophenone reacted with 
2,4dinitrophenyl hydrazine reagent 2 4  to give a 
yellow derivative, mp l6Z0C, and that at -5OC 
the same reactants gave an orange derivative, 
mp 1520. Three crystallizations from a chloroform- 
ethanol mixture did not change the.melting points. 
An NMR study a t  56.4 Mc of the' two compounds 
dissolved in deuterochloroform revealed the 
following information. The yellow compound gave 
t l ~ c  expected spectrum for apure individual stereo- 
isomer of iso-butyrophenone-2,4-dinitrophenyl- 
hydrazone, whereas the spectrum of the orange 
compound was more striking. Pertinent signals 

2 2 ~ .  J .  Karabatsos, J .  D. Graham, and F. M. Vane, 
I .  Am. Chem. Soc. 84, 753 (1962). 

2 3 ~ .  F. Raaen, T. K. Dunham, and C. J. Collins, 
previous section of this report. 

2 4 ~ .  L. Shriner and R. C. Fuson, p 171 in Systematic 
Identification of Organic Compounds, Wiley, New York, 
1948. 



for the yellow compound are the spin-coupled 
methyl doublet a t  8.74 r and the methene septet 
centered a t  6.99 7, the aromatic proton between 
the two nitro groups a t  0.97 7 and the N-H proton 
at -0.97 7. The orange compound gave two 
absorption regions with an intensity ratio of 2 to 
1 for each of the above groups. The more intense 
signal of the pair had the same chemical shift a s  
for the yellow compound, and each of the l e s s  
intense signals was shifted downfield. The ab- 
sorption spectrum of the other two protons on the 
nitro-substituted ring and the protons on the 
unsubstituted phenyl appeared unaffected under 
the available resolution. Therefore i t  seemed 
that the orange compound was actually a mixture 
of syn- and anti-isomers. Careful crystallization 
of the low-melting-point orange form afforded two 
kinds of crystals: yellow plates melting a t  
16Z°C and red prisms melting a t  186-187.5OC. 
Furthermore, upon standing a month the chloroform 
solution of the orange compound turned yellow, 
and the downfield-shifted low-intensity signals 
disappeared. Chemical shifts (7) ad chemical- 
shift differences (6) for the two stereoisomers 
are recorded in Table 5.3. 

Toble 5.3. Chemical Shifts of  the syn- and anti-Isomers 

of Isobutyrophenone-2,&dinitrophenyl Hydrazone in  

Deutero-Chloroform at  56.4 Mc 

Group (1) ( P P ~ )  6 
( P P ~ )  

Yellow Form Red Form 

N-H -0.97 -1.62 0.65 

The present data do not allow assignment of 
configuration to either form. However, the chemi- 
cal-shift difference for a and 0 hydrogens between 
the two different isomers i s  in the same direction. 
Equilibrium between the two isomeric forms due to 
restricted rotation about the C=N bond does not 

exist because one form i s  unstable and slowly 
isomerizes to the other. More data are presently 
being obtained from the pure, red stereoisomer 
and from other model compounds. The protons are 
defined by the following structural formula: 

Ph- H 

N 

I 
H-N 

Thermally Induced Reactions of Tributyl 
Phosphate with Sodium Ni t ra te  

Differential thermal a n ~ l y s i s  (DTA) techniques 
were used earlier for the qualitative study of the 
reaction between nitrates and tributyl phos- 
phates. 2 5  Since that time i t  has been possible to 
study quantitative aspects of the reaction between 
tributyl phosphate (TBP) and solid sodium nitrate. 
The apparatus was calibrated by using the re- 
ported heats of fusion of lithium nitrate, sodium 
nitrate, and potassium nitrate. A significant 
advantage of the DTA method was found in the 
small quantity of reagents that are required, 50 to 
100 mg of ester covered with 500 mg of (200-mesh) 
sodium nitrate. The temperatuse was raised uni- 
formly (S°C/min) during the analysis. 

The first observed reaction is an exothermic one 
that commences in the range of 210 to 230°C and 
reaches amaximum at  260°C. The heat of reaction 
was found to be 79 f 5 cal per g of TBP (average 
of five runs). 

The above reaction was quenched by the first 
endothermic reaction of sodium nitrate (maximum, 
290°C), probably a phase change. After this the 
net effect was exothermic for a short time until i t  
was quenched by the endothermic fusion of sodium 
nitrate. 

2 5 ~ .  H .  Baldwin, Chem. Div .  Ann. Progr. Rept .  J u n e  
20, 1960, ORNL-2983, p 43. 



This complicated series of reactions may well 
be encountered in the process of waste calcina- 
tion; however, significant differences exist  be- 
tween the above tes t  and the conditions that 
obtain in the evaporation and calcination pot. 
Some of these differences are the escape of vola- 
t i le reaction products under the above conditions 
of testing, visible amounts of charring that were 
not quantitatively estimated, and the flotation of 
the residue on the molten sodium nitrate that was 
thus carried outside the area of detection by the 
thermocouple. 

Organic Thiophosphorus Compounds as Ligands 

W. H. Baldwin C. E. Higgins 

Mandley and ~ e a n ~ '  showed recently that neutral 
thiono phosphate es ters  are useful solvents for 
the extraction of silver and mercuric s a l t s  from 
aqueous solution. Subsequently, we prepared 
analogs of these thiono phosphate es ters  and 
tested certain relationships between structure and 
distribution coefficients. In the series ot  thiono 
phosphorus compounds, a s  in the series of analo- 
gous phosphoryl compounds ( see  Higgins, Baldwin, 
and ~ u t h ~ '  and ~ u r ~ e r  28), higher distribution 

2 6 ~ .  H. Handley and 1. A. Dean,, Anal. Cham. 32, 
1878 (1960). 

2 7 ~ .  E. I.Iiggins, W. H. naldwin. and J. M. Ruth. 
ORNL-1338, (July 24, 1952) (declassified July 31, 
1957). 

"L. I.. Burger, ,I .  P h y s .  Chem. 62, 590 (1958). 

Tab le  5.4 Distribution of Silver Nitrate Between 

Organic and Aqueous Layers 

Aqueous feed: 0.01 M AgN03, 4 p c A~ llO/millimole 
Organic feed: 0.1 M compound in benzene 

t 
Ag i n  Organic Phase Distribution 

Extractant at  Equilibrium . Coefficient, 
(M/liter x 10 3 E O a  , 

(C4M9)3PS 10 190 

coefficients were observed with electron-releasing 
groups attached to the phosphorus atom (see  
Tables 5.4 and 5.5). 

Several solid adducts were isolated in pure 
form (see  Table 5.6). The 1:l adduct between 
tributyl phosphine sulfide and silver nitrate i s  
associated in benzene solution, while the corres- 
ponding adduct with mercuric iodide is not asso- 
ciated. When tributyl phosphine sulfide (2  moles) 
was added to silver nitrate ( 1  mole) and when 
triphenyl phosphine sulfide was mixed with silver 
nitrate in a 1: 1 ratio, viscous liquids were ob- 
tained that did not crystallize. 

The strong interaction between neutral organic 
thiophosphorus compounds and sa l t s  of such 
metals a s  Ag(1) and Hg(I1) permit the isolation of 
solid adducts and their use  in solvent extraction. 
We have now extended this investigation to include 
the sulfur analogs of dibutyl phosphoric acid: 
dibutyl dithio phosphoric acid, (BuO)~PSSH, and 
dibutyl thiophosphoric acid, (BuO)~PHOS. Handley 
surveyed29 the distribution of many elements 
between water and didkyl  dithiophosphoric acid. 
We are reporting a comparison of the properties of 
the three acids in the extraction of silver from 
aqueous silver nitrate, and the melting points 
and molecular weights of the complexes. 

The selective action of the sulfur-containing 
acids on silver is evident from the data in Table 
>. /. The u ~ ~ g c n  acid (B~ . l r? )~P00H extracts very 
little silver from water; the distribution coefficient 
E z  = 0.02. Nowever, with dibutyl thiophosphoric 

2 9 ~ .  H. Hnndley, privare colnmunication. 

Table  5.5. Distribution of Hg(N03)2  Between 

Aqueous and Organic Layers 

Aqueous feed: 2 M 11N03, 0.01 M H E ( N O ~ ) ~ ,  

8 /.LC ~ ~ ~ ~ ~ / m i l l i m o l e  

Organic feed: 0.1 M compound i n  benzene 

H ~ ' '  in Organic Phase Distribution 
Compound at Equilibrium Coefficient, 

(M/liter x 10 3, E O ~  
0.014 (C4H9) p S  3.8 Precipitation 

0.001 (C4H90) 3PS 4.7 0.9 

0.001 ( C'H 50) 3PS 0.02 0.002 



Table  5.6. Analytical Data for Adducts Prepared 

Analytical Resu l t s  

Melting Point Molecular Weight 
Adduct 

(OC) 
Percentage of Silver of Adduct 

Found Calculated Found Calculated 

?onic analysis.  

b ~ r y o s c o p i c a l l y  in benzene, 3% solution. 

'=~ad iomet r i c  analysis.  

acid a high distribution coefficient (1000) was Table 5.7. Distribution o f  Silver Between Water 

observed. Dibutyl dithiophosphoric acid forms a and Benzene Solutions of Organic Phosphorus Acids 

benzene-soluble silver complex, but in the t e s t  
reported in Table 5.7 with no supporting electrolyte 
in the aqueous phase, the separation of an insol- 
uble phase  limited the amount of silver in the 
benzene to 24% of the totnl. 

The complex nature of the systems i s  reflected 
in the molecular weights recorded in Table 5.8. 
The acids  (BuO)~POOH and (BuO)~PSOH are 
associated in benzene, presumably by hydrogen 
bonding through the oxygen atoms. The silver 
complex of (BuO)~PSSH was more highly asso- 
ciated than the complex of (BuO)~PSOH. Here, 
the coordination bonding may be between silver 
and the sulfur atoms on the phosphorus. 

Aqueous feed: 0.01 M AgN04, 2 pc A ~ '  'O/millimole 

Organic feed: 0.10 M acid in benzene 

Acid Distribution Coefficient, E: 

( Bu0) 2PSSH Precipitation 

(24% 'lo in benzene phase) 

Table 5.8. Analytical Results for Acids and Their Silver Complexes 

Acid 

Molecular weighta 

Found 

Calculated 

Silver Complex 

Melting Point,  OC 

Molecular weighta 

Found 

Calculated 

a ~ r y o s c o p i c a l l y  in benzene, 3% solution. 



6. Chemistry of Aqueous Systems 

The Solubility of Silver Sulfate in KN0,-K2S04, 
K,S04-MgSO,, and K2S04-H,SO, Mixtures 

M. H. Lietzke R. W. Stoughton 

In a ser ies  of papers1 the solubility of Ag2S04 
in a variety of electrolyte solutions was investi- 
gated. I t  was shown that single-parameter semi- 
empirical expressions of the type 

I n s - I n  4s; + A T  

could be used to describe the variation of the 
solubility product of Ag2S04 over a wide range 
of temperature and ionic strength. 111 Eq. (1) sO 
is the solubility of Ag2S04 in pure water, hT is 
the aypiopriate D~hye-Huckel slope, I the ionic 
strength of the solution, and A the adjustable 
parameter. In a l l  cases  best agreement between 
calculated and observed solubilit.ies was obtained 
when each slngle palai~ictcr A t  W R S  assumed to 
be temperature indepeudciit u i~d to he  either ionic- 
strength independent or to  decrease slowly with 
increasing ionic strength. The justification for 
using Eq. (1) without a linear term has been dis- 
cussed previously. 1 

In the present work t l ~ e  trcntment of the solu- . 
bility of Ag2S04 in single electrolyte systems 
was extended to the solubility in three electrolyte 
mixtures: (1) KN03-K2S04, (2) K2S04-MgSO,, and 
(3) K2S04-H2S04. In each of the three systems 
the total i o l l i ~  strength of the solubility medium 
was held constant a t  two different val i~es ,  while 
the ratio of the two components was varied. 
Weight concentrations were used in reporting the 
data, and the Debye-Hiickel limiting slope at any 

'M. H. Lietzke and R. W. Stoughton, J. Phys.  Chem. 
63, 1183, 1186, 1188, 1190, 1984 (1959); 64, 133, 816 
(1960). 

temperature was made density dependent by multi- 
plying i t s  value on the molal scale by the square 
root of the density of water a t  that temperature. 

Experimental. - All solubility measurements 
were performed with the same techniques described 
previously2 and were carried out in. the tempera- 
ture range 90 to 175OC. 

Results and Discussion. - The values for the 
solubility of Ag2S04 in each system a s  a function 
of temperature were fitted by the method of leas t  
squares to an equation 

The resulting equations were solved at 25OC 
intervals from 25 to 200 in the case  of the KN0,- 
K2S0, system (IKNO + IK2S04 = 1.0), where daia 

3 
were obtained over the entire temperature rnnge, 
and from 100 to 175OC in the other systems. The 
coefficients and the standard errar of fir for 
Eq. (2) describing the s~zlubility of Ag2S04 in 
each system a s  n function of temperature are given 
ill Tnble 4.1, while a typical set  of solubility 
curves for onc nf the systems ( IKNO + 1 = 

9 K3S04  
1.0) is shown in Fig. 6.1. The other families of 
curves were similar. 

Since in previous work1 it was demonstrated 
that temperature-independent values of the param- 
eter A in Eq. (1) cuilld be calrolated such that 
the difference between observed and calculated 
solubilities be minimized for systems in which 
Ag2S04 was dissolved in solutions of a simple 
electrolyte, i t  seemed of interest in the present 
work LU calculate values of A for the mixtures 
studied to determine whether a s.i.mple combining . 

relationship existed between the values of A in 
the simple systems and in the mixtures. In 

2 ~ .  H. Lietzke and R. W. Stoughton, J. Am. Chem. 
SOC. 78, 3023 (1956). 



Toble 6.1. Coefficients of Equation (2) for the Solubility of Ag2S04 in 

the Electrolyte Mixtures Studied 

1 of the mixture 
m ~ ~ 0 3  m ~ 2 ~ ~  4 

- -- -- -- 

a~tandard error of fit. 
b~ormal molaliry based on considering H 2 S 0 4  as a 1:l electrolyte. 

carrying out the calculations for the KN03-K2S04 
and K2SO4-MgS04 mixtures, values of In S and 
fl in Eq. (1) were computed a t  2S°C intervals 
for each system, using the smoothed values nf the . 

solubility u l  Ag2S04 a s  obtained from Eq. (2) 
ancl the appropriate molalities of the components 
of rhe mixture. Then the value of A was deter- 
mined in each case  between 100 and 175OC by 
selecting the value which equated the right and 
left s ides  of Eq. (1). The A parameters s o  ob- 
tained fur each system are given in Table 6.2. 
The values shown are the mean values calculated 
between 100 and 17S°C. 

Additional calculations were performed in which 
a linear term was added to Eq. (I) ,  namely, BI. 

In these calculations A was set  equal either to 
1.0 or 1.5 and the value of B determined such 
that the right side of Eq. (1) augmented by tlle 
linear term was equal to the left side. The values 
of B so obtained showed a much greater depend- 
ence on temperature than did the values of A 
obtained without the linear term. Since the latter 
calculation (involving the BI term) offered no 
advantage over the former, no attempt was made 
to correlate the B values with temperature and 
ionic strength fractions. 

The observed solubility of Ag2S04 in each 
system a s  a function of temperature was compared 
with values calculated using the average A values 
given in Table 6.2. In all cases  the agreement 



U N C L A S S I F I E D  for a mixture with the A values calculated for 
the corresponding pure systems by taking a linear 
combination of the latter values weighted ac- 
cording to the ionic strength fractions fi  of the 
appropriate electrolytes; t h a ~  i s ,  

Amixture = A l  f l  + A 2  f 2  (3) 

did not hold. However, in the KN03-K2S04 sys- 
tems (I = 1.0) the relationship 

A m i x t u r e  = Al f1 + A2 f 2  + A: A: f1 f 2  (4) 

held very well. In the remaining systems the A 
value for t l ~ e  mixture lay between values computed 
from the A values of the simple systems by Eqs. 
(3) and (4). 

Since a simple general combining relationship 
based on the A values could not be found, it 
seemed of ixl~erest to try a direct correlatioll of 
the solubility of Ag2S04 in the electrolyte mix- 
tures with the solubilities in the pure component 
solutions using Eq. (5): 

FM = s l f l  + 3 1 / t ! + F I L / 1 / 2  - ( 5 )  
0 0.2 0.4 0.6 0.8 1.0 

However, the coef f i~ ien t  s12 was not constant but 
varied quadratically with either f1 or f 2  and quad- 
ratically with temperature. Thus a direct correla- 

Fig. 6.1. The Solubility of A g 2 S 0 4  in K N 0 3 - K 2 S 0 4  tion of the solubilities is neither simpler nor more 
Miktures Whorr IKNU3 + l lC im4  = 1.0. complicated than a. correlation through an activity 

cacfficioat f~.inction, 

was very good - within a few tenths of a percent 
in most cases  and .within 2% in the remainder. 
Hence, the behavior of the A values in the elec- 
trolyte mixtures was very similar to the behavior 
of the A values in the individual components. 

In the case of the solubility of Ag2S04 in 
K2S04-H2S04 mixtures, the calclllations were 
performed essentially a s  described previously1 for 
the solubility of Ag2S04 in H2S04 solutions ex- 
cept that the ionic strength term included the 
concentration of K2S04. The denominator param- 
eter in the term correcting the bisulfate acid 
constant for the ionic strength of the solution was 
taken a s  0.4, consistent with previous calcula- 
tions.' At a l l  temperatures from 100 to 175OC 
the observed and calculated solubilities of Ag2S04 
agreed to within 1%, with a mean A value for 
I = 1.0 of 0.922 and for I = 2.0 of 0.832. 

An attempt was made to relate the A values 
shown in Table 6.2 for each system. In no system 
was i t  possible to relate the A value calculated 

A Mathematical Model for the Solvent Extraction 
of Uronyl Nitrate and Nitric Acid 

M. H. Lietzke R. W. Stoughton 

A series of computer programs i s  being written 
in an attempt to calculate distribution ratios in 
successively more complicated solvent extraction 
equilibria. The general procedure involves setting 
up equilibrium expressions and detemnining the 
parameters by a generalized least-squares tech- 
nique. The present report describes calculations 
on the distribution of U02(N03), and HN03 be- 
tween an aqueous phase and an organic phase 
consisting of tributyl phosphate (TBP) dissolved 
in an inert diluent (Amsco 125-90W). Since i t  is 
desired to keep the 111ode1 simple, the assumed 
equilibria do not necessarily involve all  species 
which may have been shown to exist in the solu- 
tions in question. 



Table 6 .2  A Parameters for Equation (1) 

~ o t a l  I m m 
K N 0 3  A ' Standard Deviation 

K2S04 from the Mean 

a ~ o r m a l  molality based on considering H 2S04 a s  a 1: 1 electrolyte. 

The U02(N03)2-NH4N03 System. - In consider- where 
ing the equilibration of the aqueous U 0 2 ( N 0  ) - [ N o 3 7  2[Uo22 +I + ms , 7. 7 
NH4N03 system with TDP-diluent the following 
equilibrium was assumed: m = molarity of NH4N03 , 

[TBP] = T o  - ~ [ u o , ( N o ~ ) , . ~ T B P ]  , 
T o  = initial molarity of T B P  . 

= U02(N03)2'2TBPorg QD ; The equation for conservation of total uranium 

in this equation, with equal volumes in the two phases  is 

[ u ~ ~ ( N ~ ~ ) ~ - ~ T B P ~ ~ ~ ~  
[ T J ~ ~ ~ T ~ ~  + [ U ~ , ( N O ~ ) ~ . ~ T B P I ~ ~ ~  = U T O T  , (3)  

QD = ('1 where UTOT is the sum of the initial concentra- 
[uo2, +Iaq   NO^^:^ [ T B P I : ~ ~  tions in both phases. Hence Eqs. (2) and '(3) 



represent two equations in the two unknowns 
[ u o ~ ~ + ]  and [ U O ~ ( N O ~ ) ~ . ~ T B P ]  which may be 
solved for any particular value of Q D .  It was 
assumed that the ionic strength dependence of the 
logarithm of the distribution quotient can be ex- 
pressed by 

where K D  is the distribution constant, A is the 
Debye-Hiickel limiting slope for a singly charged 
ion, A and B are adjustable parameters, and I is 
the ionic strength of the solution, given by 

Equation (4) was used without the Debyc-Hiickel 
term in all  cases  where a salting agent was 
present and the ionic strength was fairly high, 
and without the linear term in the absence of a 
salting agent. This  procedure is consistent with 
theory since the Debye-Hiickel (DH) term varies 
considerably with ionic strength a t  low electrolyte 
concentrations, where the linear term is relatively 
unimportant; a t  high values of ionic strength the 
linear term becomes much more important, while 
the DH term approaches a limiting value of - 6 d / ~ .  
Since i t  was desired to use  a minimum number of 
paranletcis, only one nf the two terms mentioned 
was allowed to have an adjustable value; hence 
Eq. (4) will be written in two alternative forms: 

where In K A  may be considered to be approxi- 
mately equal to the high concentration limit of 
Eq. (4a), that is, In K L  2 ln K D  - ~A/A.  Thus 
the overall problem involved the evaluation of 
In K D  and A or In K L  and B by a nonlinear least- 
squares procedure, subject to the restrictions 
represented by Eqs. (2), (3), and (5). 

The criterion adopted in solving the above se t  
of equations was that 

and the summation is taken over all the data 
points. Accordingly a series expansion of D was 
made in terms of the partial derivatives with 
respect to the adjustable parameters, either K D  
and A or k'; and B, a s  

in which Dcalc and the partial derivatives are 
computed for approximate values of the parameters. 
The increments A  In K D  and AA or A  In K A  and 
AB then give approximate corrections to these 
parameters. 

Calculations were perforriled UII two diffetrnt 
se t s  of data; the first se t  was taken fro111 IDU- 
14501 .~  In Table 6.3 are shown the observed 
and calculated distribution ratios for U02(N03), 
between aqueous NH4N03 and TBP-diluent phases 
a s  well a s  the In K i  and linear term B a s  a 
functioll of TBP concentration. 

Calculations were also performed on a set  of 
data that included much higher concentrations of 
U O ~ ( N O ~ ) ~ . ~  In Fig. 6.2 are shbwn the observed 
and calculated concentrations of uranium in the 
organic and aqueous phases for the extraction of 
U0,?(N03) with 5.39% TBP in Amsco a s  a func- 
tion of N B ~ N O )  e6ncnlrmtiun. The res~llts for 
10.3 and 20.1% TBP were equally good. 

The values of In K i  computed by the method 
outlined above varied slightly with the concen- 
tration of salting agent, the concentration of 
uranium, and the concentration of TBP used; 
Hence all the individual values were grouped 
together and used to determine the coefficients 
of Eq. (7) by the method of least  squares: 

The coefficients of Eq. (7) describing the two 
sets  of data are given in Table 6.4. 

be a minimum, where the distribution coefficient )R. A. Kent and K. L. Rohde, IDO-14501, Table 3 
D is defined a s  the ratio (July 1960). 

4~hem. Technol. Div., Chem. Develop. Sec B, Qunr- 
[uo~(N~~)~*~TBPI,,,/[uo~ ?Iaq terly Progress Report, 0ct.-Dec. 1961, TM-177. 



Table  6.3. Observed and Calculated Distribution Ratios D (Organic/Aqueous) 

for U02 (N03 )2  Between Aqueous N H 4 N 0 3  and TBP-Diluent Phases 

Initial 
Vol % TBP M NH4N03 

M U0 3) D(o/aIobs D ( O / ~ ) ~ , , ~  

UNCLASSIFIED 
ORNL-LR-DWG.683!1 

Experimcntol  

Ca lcu la ted  

Table 6.4, Caefficients of Equation (7) 

I D 0  Dataa ORNL Datab 

0.004 0.Ot 0. t 4.0 
B 2  -0.174 0.468 

Mu,aq, 
B 3  0.0083 -0.0440 

Fig. 6.2. Observed and Calculated Concentrations 

of Uronium in  the Organic and Aqueous Phases far the . 'see ref  3. 
Extraction of U02(N03)2  with 5.39% T B P  in Amsco. b ~ e e  ref 4. 



The  calculat ions so  far described involved the in th is  equation, 
u s e  of a salting agent. In a l l  c a s e s  the ionic 
strength of the aqueous phase  was  high, and no [ H N O ~ . T B P I ~ ~ ~  
DH activity-coefficient term was  used. However, Q D N  = (9 )  
the calculat ions converged equally well a t  lower [ H ' I ~ ~  [ N O J , ~  [ T B P I ~ ~ ~  ' 
concentrations of uranium in  the absence  of a 
sa l t ing  agent and with a DH activity-coefficient 
term. In th is  c a s e  the parameters of the fit were 
In K D  and A ( a s  defined above), and the l inear 
term was not used. In Table  6.5 is shown a com- 
parison of Dobs (ref 5) and Dcalc for the distri- 
bution of uranium between TBP-Amsco in the  
absence  of a sal t ing agent. The best  agreement 
between' observed and calculated distribution co- 
efficients was obtained with A taken a s  2.0 a t  
both 5 and 10% TBP in  Amsco. Also, i f  the 
limiting value for the DH term (-3.5) is added 
to In K D  (about 5.55), a value of about 2.05 is 
obtained for In K A ,  which compares favorably with 
the va lues  shown in Table  6.3. 

The HNOj System. - In considering the equili- 
brat,ion of aqueous HN03 with T B P  diluent the 
following equilibrium was  assumed: 

where 

[H+] =  NO^-] , 
[TBP] = To - [HNO~*TBPI , 

T o  = initial molarity of T B P  . 
The equation for conservation of HNO (on the 3 
assumption of equal volumes in the two phases)  
i s  

[H? + [FINO,-TBP] = HNO , (10) 

where HNO is the sum of the original concentra- 
tions in both phases.  Thus Eqs. ( 9 )  and (10) 
represent two equations in the two unknowns [H+] 
and [HNO~.TBP], which may be solved for any 
particular value of QDN. Again i t  was assumed 
that the ionic strength dependence of the logarithm 
of the distribution quotient can be expressed hy 

5~hem.  Technol. Div., Chem. Develop. Sec B, 
M~nrbly Progress Report, June-July 1960. ORNL where K~~ is the cO1lrtant, A 
CF-60-7-76. have the same significance a s  before, and the 

Table 6.5. Distribution of Uranium between TBP-Amsco and Water in the Absence of a Salting Agent 

Concentration of 

Vol % TBP Uranium feed 

(MI 

' s e e  ref 5. 



ionic s&ength of the aqueous solution is given and the results are summarized in Table 6.6. The 
by [H?. The DH term should correct for the value of 2.0 for the A parameter a t  the lower TBP 
variation in activity coefficient of the HNO in concentrations does indeed correct (to a rea- 3 
the aqueous phase. sonably good approximation) for the variation in 

The calculation itself was carried out a s  de- activity coefficient of the aqueous HN03 to nearly 
scribed previo;sly for the U02(N03)2 system, 1 . O . M ,  a s  can be verified by comparing values of 

Table 6.6. Distribution of HN03 Between ~ ~ p - ~ r n s c d  and Water 

% TBP HNO Concentration 3 A Dabs D c a ~ c  In K~~ In KDN (ref a) 
( M )  

'w. Davis, Jr., private communication. 



t h e  above  term with t hose  of known act ivi ty co- 
eff icients .  At  higher concentrat ions of T B P ,  how- 
ever ,  t he  b e s t  agreement between observed and  
c a l cu l a t ed  distribution coef f ic ien ts  was  obtained 
with smal le r  va lues  of t he  A parameter. S ince  
t h e  A parameter  a s  used  should correct  for ion ic  
s t rength  e f fec t s  in  t he  aqueous  p h a s e  only, there  
is n o  obvious reason  why it should  vary with the  
pe r cen t age  of TBP. If one  cons ide r s  the  DH term 
merely a s  a n  empirical express ion ,  it evidently 
d o e s  cor rec t  for e f fec t s  i n  the  nonaqueous ' phase  
as well.  The va lue s  of In KDH do  not vary 
l inear ly  with T B P  concentrat ion throughout t he  

knowns [HC], [ u o ~ ~ ' ~ ,  [u@, and [ma]. In 
prac t ice  the  conservat ion equat ions were used  to 
exp re s s  [u@] and [HN@ i n  terms of [ ~ + 1  and 
[ U O ~ ~ ~ ;  hence; i t  w l s  necessary  t o  so lve  only 
Eqs. (2) and (9) by the  Newton-Raphson method. 

In carrying out the calculat ion an attempt was  
f i rs t  made t o  determine the four parameters  In KDH, 
In KDU,  B 1 ,  and B2  a s  defined in  Eqs. (12a)  and 
(1 2 b): 

In QDu = In KDu + B1 I ,  (12a)  

en t i re  range, but appear  t o  be  quadrat ic ,  a t  l e a s t  
where the K va lue s  represent  distribution con- 

a t  t he  higher percentages  of TBP .  However, if 
s t a n t s  and 

only t h e  three lowes t  T B P  concentrat ions a r e  
cons idered ,  the11 onc  can  compute a l inear  co- I = ms + [H+] + 3 [ ~ 0 ~ ~ + ]  . (1 3) 
eff icient ,  such  a s  B ,  i n  Eq. (7), with a va lue  of 

J 

about  0.08. 

~ a v i s '  t reated the  s ame  H N 0 3  da t a  by cor- 
rec t ing  with l i terature va lue s  for the  aqueous  
H N 0 3  act ivi ty coef f ic ien ts ,  assuming  tha t  t he  
logarithm of the  ra t io  of the  ac t iv i ty  coef f ic icn ts  
of HN03.TBPorg t o  TBPorg  w a s  a l inear  funct ion 
of t h e  concentrat ion of H N 0 3  i n  t he  organic p h a s e  
and  evaluat ing In KDN by extrapolat ing t o  zero 
HNO concentrat ion i n  tha t  phase .  His  va lue s  3 
a r e  g iven  i n  the l a s t  column of Tab l e  6.6. 

blslliLutien of Urnnium Between HN03 Solutions 

and TBP-Arnsco. - In describing the solvent  ex- 
t rac t ion  of uranium from HNO, solut ions.  it is 

> 
ne ces sa ry  to  cons ider  s imultaneously the  equi- 
libriu111 quotients  given by Eqs. (2) and (9) and  
observe  tha t  

and  

[TBPI = T o  - 2 [ ~ @  - [HN@I , 

where 

uJZ/ = molarity of uranium i n  the  organic phase ,  

HN@ = molarity of H N 0 3  i n  t he  organic phase .  

In t h e s e  equat ions ms and T o  have  the  same sig- 
n i f icance  a s  before. In addit ion t o  the two equi- 
librium quotients ,  E ~ .  (3) for conservat ion of total  
uranium and Eq. (10) for the  conservat ion of H N 0 3  
a r e  needed to  permit the  eva l i a t i on  of the  un- 

'wallace Davis, Jr., private communication (JGne 
1962). 

However, mathematical diff icul t ies  were encoun- 
tered in the  evaluat ion of dD/dB1 and d ~ / d B ,  
(undoubtedly because  the da t a  were not  suffi- 
c ient ly p r ec i s e  to  determine unique va lue s  of the  
R parameters)  and hence only two parameters ,  the 
In K va lue s  in  Eqs. (12a) and (12b), werc used. , 

In Table  6.7 is shown a comparison of observed3 
and  ca lcu la ted  distribution coeff icients  for t he  
U02(N03)?-HN03 system a t  two different NH4N03 
and two d f f e r e n t  T R P  concentrations. I t  i s  in- 
terest ing to  compare the  va lue s  of In KD and  
111. ICDN (re21 ly In QD and In Q,,,,,, s i n c e  no  l inear  
term w a s  used)  shown in  Tab l e  6.7 with the 
corresponding va lues  given in  T a b l c s  6.3 a ~ l d  6.6, 
where each  w a s  determined separately.  In t he  
c a s c  of 5% TBP, In K; = 2.17, and  B = 0.111 
(Table  6.3). Hence  111 QD = 2.61 in 3.94 M 
NH4N03 ,and 2.95 in  6.89 M, NH4N03. T h e s e  
va lue s  a re  to  be  compared with 3.09 i n  Table  6.7. 
In the  c a s e  of 10% T B P ,  va lue s  of 2.68 for In QA 
in  3.94 M 'NH4N03 and 3.02 for In Q; i n  6.89 M 
NH4N03 are  to  be  compared with 2.98 a s  shown 
in  Tab l e  6.6. Similarly, average In QDN va lues  
of -2.24 and -1.90 computed for 5 and 10% T B P  
from the  parameters  given in  Table  6.6 are t o  be  
compared with the corresponding va lue s  of -2.16 
and -2.24 i n  Table  6.7. Hence t he  parameters  
ca lcu la ted  for the combined U 0 2 ( N 0  ) -HN03 

3 ?  
system are  cons is ten t  with those  obtained In each  
system separately. 

Ca lcu la t ions  were a l s o  performed on the 
U02(N03)2-HN03-TBP system in  t he  absence  of 
a sa l t ing  agent;  the  va lues  of the  parameters  
In KD (for uranium) and In KDN (for nitric acid)  



Table 6.7. Observed and Calculated Distribution Ratios D (Organic/Aqueous) for U02(N03)2 Between 
Aqueous NH4N03-HN03 and TBP-Diluent Phases 

Concentration (M) 
D ~ b ~  D c a ~ c  N H ~ N O  HNO H + U O ~ ~ +  

3 

5 vol % TBP, 

In K D  (uranium) = 3.09, 
In KDN (nitric acid) = - 2 1 6  

10 vol % TBP, 

In K D  (uranium) = 298, 
In  KDN (nitric acid) = - 2 2 4  

are given in Table 6.8. In carrying out the cal- 
culations an attempt was first made to consider 
each acid concentration separately. However, 
except in the case  of 0.5 M HN03 and 10% TBP, 
convergence difficulties wcre experienced unless 
all thc data were considered simultaneously. 
Hence i t  was necessary with the 15% TBP system 
to calculate single values of In KD and In KDN 
determined by all the data; a s  expected, the 
values of Dabs and D c a l c  showed much greater 
discrepancies a t  0.5 M HN03 than the values 
calculated separately for the 10% TBP system 
at  the same acid concentration. 

The values of In QD for this system can also 
be calculated in two different ways: either by 
using the parameters in Table 6.3 or those in 

Table 6.4 along with an average ionic strength 
value (and the assumption that the Q values vary 
with ionic strength alone, i.e., are independent 
of the rnediual). A comparison of the values cal- 
culated in these two ways with those shown in 
Table 6.8 is given in Table 6.9. 

Since the values calculated using the Table 6.5 
parameters agree more closely with the observed 
values than do those calculated using the Table - 

6.3 parameters, i t  seems that the activity c.oeffi- 
cients of U02(N03)2 in HN03 media more closely 
resemble those in pure aqueous U02(N03)2 solu- 
tion than those in the presence of NH,N03. 

A comparison of the In QDN values shows 
reasonably good agreement a t  0.5 M HN03. In 
the higher-concentration regions all  that can be 



said  is that the calculated values are  qualitatively 
in the right direction. The parameters given in  
Table 6.6 were obtained in the concentration range 
0 to 1 M;  the poor agreement in the 2 to 4 M range 
in the mixed system indicates that a DH activity 
coefficient term is not sufficient and that a linear 
term is needed. Actually th is  is known to  be the 
case ;  the activity coefficient of HN03 increases 
with ionic strength above about 1 M. 

Hence a relatively simple mathematical' model 
may be  used to describe solvent extraction equi- 
libria over wide ranges of concentration of rna- 
terial being extracted, of salting agent, and of 
extractant. In principle there is no reason why 
the model cannot be extended to much more 
elaborate systems. However, more precise data 
will be needed in order that the dependence of 
linear-activity-coefficient terms on the medium 
may be  ell.icidated. 

Hydrolysis of Metal  tons 

R. M. Rush 0. E. ~ s v a l ~  
J. S. Johnson D. F. ~ e e l e ~ '  

K. A. Kraus 

Hydrolysis of U(VI): EMF.  - The study of the 
hydrolysis ,of U(V1) reported in the Chemistry 
Division Annual Report of l a s t  year has been 
continued. Since that time, emf measurements 
of the acidity of hydrolyzed uranyl chloride were 
completed and interpreted in the same manner a s  
we previously dealt with the (literature) perchlo- 
rate data. This work was published9 and will 
be only briefly outlined here. In perchlorate 
media, we had found that the predominant hydro- 
lytic species seemed to be ( U O ~ ) ~ ( O H ) ~ ~ +  and 

t 
(U02)3(OH)5 rhe frequently postulated U020H 
was not present in major amounts, although we 
could not conclude that i t  was essentially absent 
under our conditions. In 1 M chloride, our acidity 

Table  6.8. Values of the Distribution Constants for measurements indicate that an additional species 
the System U62(N03)2-HN03~TDP-Diluont in  the ( [ J ~ ~ ) ~ ( O H ) ~ ~ '  (which also presumably includes 

Absence of a Salting Agent some complexed chloride) i s  important. Thc ques* 
t 

tion of U0,OH i s  also unresolved here. 
TBP M ~ ~ 0 3  In KD (uranium) In KDN (nitric acid) 
( %) 

'ORINS predoctoral Fellow, University of North 
10 n.5 3.27 -1.94 Cnrolina. 

2.0-4.0 2.72 -3.48 8 ~ ~ i ~ v ~  suurriicr roeonrrh participant, 1961, University 
of Southwestern Louisiana. 

15 0.5-4.0 2.47 ' -3.47 9 ~ .  M. Rush, J .  S. Johnson, and K. A. Kraus, lnorg. 

Chem. 1, 378 (1962). 

Table  6.9. Comparison of Observed and Calculated Equilibrium Quotients (10% TBP)  

In Q, (calculated) In Q, (observed) 

Using Table 6.3 Using Table 6.5 
Parameters Parameters 

In QDN (calculated) 

Using Table 6.6 Parameters 

-1.63 

-1.8 
-1.9 

a15% TBP. 



Hydrolysis of U(VI): Spectrophotometric Studies. 
- Absorption spectra of hydrolyzed uranyl chloride 
solutions (0.001 to 0.1 M )  and of a few uranyl 
perchlorate solutions have been measured in the 
range 3600 to 5100 A. Typical extinction curves 
are shown in Fig. 6.3. It can be seen that optical 
absorption increases rapidly with hydroxyl number 
[average number of moles of hydroxide bound per- 
mole of U(VI)] and that the peak shifts somewhat 
toward longer wavelengths. Chloride complexing 
of the unhydrolyzed uranyl and of a t  leas t  one of 
the hydrolyzed species is suggested by the greater 
light absorption in chloride media than in perchlo- 
rate. 

We correlated the spectra of the chloride solu- 
tions with the emf hydrolysis scheme involving 

( u o 2 ) 2 ( o ~ ) 2 2  t, (u02)3(0H)42 t, and ( u o 2 ) , ( o ~ ) ,  + 

by finding the values of the molar absorptivities 
of these species a t  each wavelength which give 
the best least-squares fit to the total absorption 
for all  solutions (the molar absorptivity for the 
unhydrolyzed species was directly measured). 
Figure 6.4 shows the values thus obtained. Wit11 
these absorptivities and the fractions of the 
various species computed from the formation 

UNCLASSIFIED 
ORNL-LR-DWG. 70(20 

WAVELENGTH, angstroms 

Fig. 6.3. ~ b s o ; ~ t i o n  Spectra of 0.010 M U(VI)  Solu- 

tions in 1 M Total Chloride (Solid Curves) and 1 M 

Total Perchlorate (Broken Curves) at 25OC. 

UNCLASSIFIED 
ORNL- LR-OWG. 70t7.38 
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WAVELENGTH. angstroms 

Fig. 6.4. Species Molar Absorptivities for U(VI) 

S ~ e c i e s  in 1 M Total Chloride. Eauilibrium auotients 

used are k2,2 = 6.7 x 10-I, k = 4.7 x 10-13. and 
3.4 

k ,  , = 1.0 x 10-17. Vertical lines indicate one 
3s.1 

standard error on each side of the value. 

quotients of the above hydrolysis scheme, satis-  
factory agreement between observed and computed 
optical absorption was attained for all concentra- 
tions aud hydroxyl numbers investigated. 

Evaluation of Hydrolysis Constants with the 
Ultracentrifuge: Temperature Coefficients of 
Bi(l1l) Polymerization. - Normally in ultracentrif- 
ugation ulle interprets the equilibrium refractive 
index pattern in terms of molecular weights of the 
solute in question. The approximations in doing 
so can become serious with polydisperse inorganic 
polymeric systems. The equations customarily 
used for interpretation are strictly correct only 
for a constant charge/mass ratio and refractive 
index increment for all species; this condition is 
normally not fulf.illed in polydisperse hydrolytic 
solutions. Consequently, although valuable in- 
formation can frequently be obtained, i t  is difficult 
to interpret the apparent molecular weights in 



terms of concentration quotients for the e.quilibria 
involved. 

An alternative possibility is to adopt the ap- 
proach used in structural studies: attempt to 

. reproduce the observed equilibrium interference 
pattern by an assumed model. This is especially 
attractive when something is known concerning 
the major species present. Such a case  is Bi(II1) 
in perchlorate media, which is known from work 
here and elsewhere to form hexamers of hydroxyl 
number 2; that is, [B~(OH)~]~(C~O~)~(~-~)~, where 
I, the number of perchlorates complexed by the 
species,  apparently is about 2. A B ~ O H ~ '  species  
has  also been suggested from emf measure- 
ments,'' although in a similar study i t  was not 
found necessary for explanation of results. 11 

We attempted to test  ultracentrifugation for eval- 
uation of equilibrium quotients by centrifuging a 
number of solutions of different Bi(II1) concentra- 
tion and hydroxyl number; in addition, equilibrium 
was attained a t  three different temperatures for 
each solution, s o  that a temperature coefficient 
could be estimated. The method ol estimating an 
equilibrium quotient is illustrated in Fig. 6.5, 
which is essentially an IBM 7090 plot of devia- 
tions between obsemed interference-fringe pat- 

- - 

terns a s  a function of radius and the pattern 
computed for different values of the formation 
q i l o t i e ~ l ~  far tho h ~ x a m e ~  K6,13. It was necessary + tu include a RiOH species (formation qusc le l~~ ,  
KlO1) in order to obtain reasonably consistent 
values of KG 1 2  for the range of Bi(II1) concentra- 
tions and hydroxyl numbers covered in the study. 
The present, quite prelimiaary, status i s  illus- 
trated in Fig. 6.6, which gives the estimates of 
KG,12 for all  centrifugations, except for those in 
whlch l e s s  than 1% of total bismuth was present 
a s  hexamer; the values of I( listed in the figure 1.1 
must be considered only very rough estimates. 

The value of KG,,:! a t  25OC is about 8 times 
l e s s  than that given by Olin;1° this is in the 
direction and of the approximate magnitude to be 
expected if the hexamer complexes two perchlo- 
rate ions, since Olin's measurements were in 
3 M total perchlorate, and these were a t  approxi- 
mately 1 M. The value also is not very different 

''A. Olin, Acta Chem. Scand. 11, 1445 (1957). 

"R. S. Tobias, 1. Am. Chem. Soc. 82, 1070 (1960). 

12A. Olin, Acta Chem. Scand. 14, 126 (1960). 

from that given by  obia as,", who worked in 1 M 
perchlorate, but exact comparison is not possible, 
since he did not include B ~ o H ~ + .  The room- 
temperature AH for hexamer formation (from 6 ~ i ~  + 

and 12 waters) i111p1ied by these results i s  about 
40 kcal/mole. 

Hydrolysis of Pb(ll). - A preliminary ultracen- 
trifugation study of the hydrolytic polymerization 
of Pb(I1) in perchlorate was carried out here 
several years ago. Since then, on the basis of 
an emf study, 01in12 postulated that the major 
species were P ~ ~ ( o H ) ~ ~ +  and P ~ ~ ( O H ) ~ ~ + ;  he 
also listed a s  present in relatively minor amounts 
under his conditions, P ~ O H  and P ~ ~ ( O H ) ~ '  +. 
Recently we completed a more extensive ultracen- 
trifugation study. These results confirm in 
general our earlier study and are a lso  consistent 
with Olin's conclusions. We also reexamined 
Olin's data by subjecting i t  to a least-squares 
nnalysis. The scheme he proposes gives a good 
fit to his results; the constants were refined only 
slightly. A poorer fit was obtained i f  either of 
the minor species were dropped. 

ldentificotion of Niobium Double Fluoride Species 
in HF Solutions by Raman Spectroscopy 

0. L. Keller, Jr. 

The identification of ionic species in concen- 
trated electrolytes presents a difficult problem. 
Thermodyciamic methods cannot be used in many 
cases  because applicable activity coefficicnts 
are not available. Kinetic methods, such a s  con- 
ductance, are l e ss  widely applicable than thermo- 
dynamic methods. Direct identification of complex 
ions by ~nolccular spectroscopy often requires a 
detailed theoretical treatment. If some of the 
characteristic frequencies of the ion are too weak 
to be seen, or i f  there is a mixture of c:omplex 
ions, such a treatment is difficult. Identification 
of species in solution can be accomplished 
simply, however, if direct comparison can be ' 

made between spectra of the solutions and spectra 
of crystals of known composition and structure. 

Niobium double-fluoride complexes found in 0% 
to 50% HF are identified in this investigation by 
comparing the Raman spectra of the solutions 
with Raman spectra of crystals of CsNbF6, 
K2NbF,, and ,K2NbOF,.H20. 
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Fig. 6.5. Evaluation of Equilibrium Constant, K6,12  = 

(si3'16 
, by Ultracentrifugation. 0.1 M Bi(III), 1 M (HC104 + NaC104); 

( B ~ O H ~  +)(H+) 
hydroxyl number, about 0.78; rpm, 17,980; KlSl  = = 0.07. 

(J3i3 ') 
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dimensions of the cell  are those of the Cary 

I I I I I 19-mm cell. 
The ce'lls used for the Raman crystal  spectra 

of K2NbF7 and CsNbFG are  g l a s s  and have 

!I . K. . = 0.06 conical windows. These  windows are better than 
I - 1.1 I flat ones  for many crystals  because more of the . . 

Raman scattered light leaves  the cell  to enter 
the monochromator and be detected. 

I I The results  of the Raman studies are given in 

I I Tables  6.10 and 6.11. Figures 6 . 7 ~  anh b and 
6 . 8 ~  and b allow direct comparison of the spectra 
of crystalline CsNbFG and K2NbOF5.H20 with 
typical solution spectra. 

I We assume for the moment that crystalline 
CsNbFG and K2NbOF5.H20 contain the N ~ F ~ -  
and N ~ o F , ~ -  ions respectively (see  below). A , 
comparisun of the Raman l ines  characterist ic  of 
the crys ta ls  with the l ines found for the so lu t ior~s  
then shows that the N ~ o F ~ ~ -  ion i s  present  in 
solutions containing up to  about 35% HF and that - 
NbF6 ion is present in solutions containing a t  
leas t  about 23% HF. 

- 2.0 I I .  I No l ines  characteristic of K2NbF, (Table 6.10) 
0.5  4.0 4.5 

HYDROXYL NUMBER, n appear in the solutions. 

Table 6.10. Raman Spectra of Crystals 
Fig. 6.6. Formation Constants for Bi( l l l )  Hexamer 

from Ultracentrifugation. Range equivalent to about Raman Frequencies 
0.2 fringe, Molarity of Bi(II1): triangles, 0.02-0.04 M; Compound 

' 

( A  cm-I  from 4358 A) 
squares,  0.04-0.075 M; circles, 0.075-0.105 M. . . 

CsNbFG 280 (m)' [vS] 

Infrarcd spectra of K ~ N ~ O F  -H 0 crystals  were 
5. 2 

a l so  obtained to ga in  information on whether the - 
N ~ o F ~ ~ -  or Nb(0H) F 2-  ion is present in the 

2. 5 K 2NbF7 
crvs ta ls  and the so lu t~ons .  

One of the author's principal in teres ts  is prot- 630 (v s )  (sharp) 

actinium chemistry. Th i s  investigation was under- 785 (w) 

taken to develop a way t o  study protactinium ions  
.in HF solutions. K 2NbOF 5.H 20 295 ( 4  

For  the H F  solutions a Raman ce l l  was made GOO (vw) 

from Kel-F (Minnesota Mining and Manufacturing 
935 (m) 

Company). The end window is sapphire. The  
A ,. 

wall of the tube was  machined to  a thickness of 
'rn = medium; vw = very weak; w = weak; s = strong; 

about 15 mils  to make it triore transparent. The  vs  -very strong. 



Table  6.11. Raman Spectra of K2NbF7 in  

H F  Solutions 

First line of frequencies at each'concentration due 
to N ~ o F ~ ~ - ;  second line due to NbF6- \ 

Solvent Rnmnn Frcquencies . mg Nb/ml 
( A  cm-' from 4358 A Hg) 

a ~ 2 ~ b ~ ~  .H 0 was dissolved in H20. 5 2 
b(m) = medium; (vvw) = very very weak; (vw) = very 

weak; (w) =weak; (s) = strong; (vs) = very strong. 

T h e  spectrum of c rys ta l l ine  C s N b F 6  f i t s  t h e  
theore t ica l  relat ionship given by Yos t ,  Steffens,  
and ~ r o s s ' ~  for a regular oc tahedra l  s t ructure - 
s u c h  a s  t h a t  expected for NbFG . T h e  composi- 
t ion of t h e  c r y s t a l s  (which w a s  e s t a b l i s h e d  by 

ana lys i s ) ,  and the agreement of their  Raman l i n e s  
with what is theoret ical ly  expec ted  for symmetry - 
Oh, demonstrate  tha t  the  N b F G  ion e x i s t s  as 
s u c h  i n  t h e  c r y s t a l s  and, by inference,  i n  t h e  
solut ions.  

K2NbOF5.H20 could a l s o  be  K2Nh(OH),F5. I t  

is believed" that  t h e  oc tahedra l  N ~ O F ~ * -  i o n  
is presen t  b e c a u s e  K2NbOF5.H20 is isomorphous 
with K2TiF,.H20. 

T h e  infrared spectrum w a s  recorded for  c rys ta l -  
l ine  K2NbOF - H  0 ( s e e  below and  Fig.  6.9). T h e  

5 . 2  
Raman and  t h e  Infrared spectrum, which both s h o w  
a l i n e  a t  935  cm-', a r e  c o n s i s t e n t  with a n  octa-  
hedral  N ~ o F ~ ~ -  i o n  but not with a pen tagona l  
bipyramidal N ~ ( o H ) ~ F ~ ~ -  ion. T h i s  fol lows from 
group theory b e c a u s e  point  group C4" a l l o w s  
co inc idences  between t h e  infrared and Raman,  
whereas D5h d o e s  not. 

lnfrared Absorption 
Compound Frequency, cm-' 

If N ~ o F ~ ~ -  ion is present ,  water  of hydration 
must  b e  presen t  a lso.  T h e  l i n e - a t  1626  c m - I  
found i n  t h e  infrared spectrum of K2NbOF5.H20 

is i n  t h e  region (1590 t o  1630 ~ r n - ' ) ' ~ ~ ' ~  ex- 
pec ted  for the  H 2 0  bend, but it is a t  l e a s t  450 
cm-' too high for a heavy  atom-OH bend. 7*18 

Water of hydrntion is therefore present .  

1 3 ~ .  M. Yost, C. C. Steffens, and S. T. Gross, I. 
Chem. Phys. 2, 311 (1934). 

1 4 ~ .  L. Hoard and W. J. Martin, 1. Am. Chem. Soc. 
63, 11 (1941). 
"P. 5.  Lucchesi and W. A. Glasson, J. Am. Chem. 

Suc. 78, 1347 (1956). 

l G ~ .  H. Jones, 1. Chem. Phys. 22, 217 (1954). 
. 1 7 ~ .  F. Hornig and R. C. Plumb, 1. Chem. Phys. 26, 

637 (1957). 
180. Glernser and E. Hartert, Naturwissenscha/ten 

40, 552 (1953). 
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Fig. 6.7. (a) Raman Spectrum, of Crystalline CsNbF6; ( b )  Raman Spectrum of K2NbF7  in 40% H F  Solution. 
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Fig. 6.8. (a) Ramon Spectrum of Crystalline K2NbOF5.H20; ( b )  Raman Spectrum of K2NbF7 in  1% H F  Solution. 
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Fig. 6.9. Infrared Spectrum of Crystalline K2NbOF5.H20. 

Analyses of all  crystals and solutions were 
carried out by L. J. Brady and W. R. Laing of the 
ORNL Analytical Division. 

CHEMISTRY OF HEAVY ELEMENTS: AQUEOUS 
SPECTROPHOTOMETRYAT E L E V A T E D  

TEMPERATURES AND PRESSURES 

An Improved High-Temperature Aqueous 
Spectrophotometer Cel l  Assembly 

W. C. Waggener A. J. Weinberger 
R. W. Stoughton 

A new spectrophotometer cell  assembly, de- 
signed and constructed during the past 24 months, 
is being tested. Both thc sample cell  and the 
reference cell are designed to permit gas-liquid 
equilibration and have identical control systems 
for temperature and pressure over thc ranges 0 to 
280°C and 0 to-1000 psia respectively.1g Main- 
tairlillg both sample and reference cells a t  the 
same temperature cancels the effect of the large 
variations of the spectra of H 2 0  and D 2 0  with 
temperature which would otherwise obscure the 
spectral changes of the solute. This assembly, 
uscd with the standard Cary model 14  mono- 
chromator and detector, should make the spectral 
ranges, 0.7 to 1.2 p for H 2 0  and 1.2 to 1.8 p for 

D 2 0  solutions, accessible to the study of ab- 
sorbing ions a t  elevated temperaturesz0 for the 
first time. The new equipment incorporates a 
number of features and improvements, some of 
which are intended to offset the added complexity 
of simultaneous operation and control of two high- 
temperature-pressure cells. 

The titanium absorption cel ls  are practically 
identical with the revised cell described previ- 
ously.19 However, the heater-cooler in the form 
of a cylindrical annulus which surrounds each cell  
body is designed to (1) fit the limited space 
available in the reference cell  compartment, (2) 
allow for simple removal and rePlaceient of 
cells,  and (3) provide rapid and uniform cell  
heating and cooling, primarily through radiative 
transfer. It is made with a cooling channel and 
a resistance-heater winding both embedded in 
pure copper. Several narrow embossed rings 
l~lacllir~ed on the inner circumference of this 
heater-couler annulus support the titanium cel l  
body out of contact with the wall of the annulus. 
The facing surfaces are coated with a film of 
graphite for good radiative heat transfer. The 
above assembly in turn is "canned" in a gold- 
plated thermal radiation sheath and is cradle- 
mounted a s  in the previous assembly. 2 1 

Each of the two heater-cooler assemblies was 
test  operated satisfactorily in vacuum from -70 

19w. C. Waggener, A. J. Weinberger, and R. W. 2 0 ~ .  C. Waggener, Anal. Chern. 30, 1569 (1958). 
Stoughton, Chem. Div. Ann. Progr. Rept. ]une 20, 1961, "w. C. Waggener, Rev. Sci. lnslr. 30, 788-93 
ORNL-3176. (1959). 



to 300°C, with cell  heating and cooling ra tes  of 
5-10°C/min. Liquid-nitrogen-cooled helium was 
used a s  the coolant. 

The temperatures of the sample and reference 
ce l l s  are controlled above and below room tem- 
perature by modulation of heating and cooling 
supplies respectively. A Leeds  and Northrup 
millivolt recorder with a stable millivolt suppres- 
sion supply and a Leeds and Northrup duration- 
adjust type of controller is used for each cell. 
Experiments indicate that adequate (kO.l°C) 
control of cell temperature can be achieved by a 
thermocouple located in either cell  or heater- 
cooler body. 

An integrated piping arrangement involving 
sample and reference cel ls  was worked out to 
allow necessary operations to be performed with- 
out disconnecting piping: (1) addition and with- 
drawal of samples; (2) metered additions of gases  
to ce l l s  a t  operating temperature; (3) cel l  washing 
and backwashing, using alternate additions of 
wash liquid and purge gas;  and (4) drying by 
alternate gas  purge and evacuation. 

The cell  windows and contents of either ab- 
sorption cell may be examined visually for 
bubbles and turbidity by inserting a special  
borescope into one of the alignment s leeves  in- 
stalled in the phototube compartment. The visible 
beam of the spectrophotometer provides illumina- 
tion of various colors and intensities. 

Spectrophotometric Studies of the DCI0,-D,O-H,O 
System a t  Elevated Temperatures 

W. C. Waggener A. J. Weinberger 
R. W. Stoughton 

The DC104-D20-H20 system is a desirable sol- 
vent for high-temperature aqueous spectrophotom- 
etry of inorganic ions. The transparency of the - 
C104 anion throughout the wavelength range of 
interest  (0.2 to 1.8 p) suggests i t  a s  an ideal 
reference medium. However, a t  elevated tempera- 
tures i t  is a powerful oxidizing agent, and the 
reduction products (HOC1, C12, ,c13-) absorb in 
the spectral region below 0.5 p. 

Initially, samples of 0.01 f and 0.1 f ( 2 9 C )  
DC104 were examined by using a high-tempera- 
ture-pressure absorption ce1119 in which the 
solutions were in contact with titanium, sapphire, 
gold, and Teflon. Reaction with the gold was 

indicated by the growth of a spectrum character- 
ist ic of the chloroaurate(1II) species." Decompo- 
sition rates of perchloric acid at 250°C estimated 
from the 0.31-p band (cmax -4200) were <20  
ppm/hr and 25 ppm/hr for 0.01 and 0.1 f DC104 
respectively. 

After removal of the gold washers from the in- 
terior side of the window mounts, solutions of 
0.01, 0.1, 0.5, and 1.0 / DC104 were examined 
for periods up to several days at temperatures up 
to 250°C. At these concentrations and in this 
environment, aqueous DC104 remained nonab- 
sorbing in t l ~ e  wavelength range 0.33 to 1.8 p. 
Hnwever, neither the titanium nor the sapphire 
is inert in this system. The 250°C studies were 
complicated by pitting of the synthetic sapphire 
windows. The onset and progress of pitting were 
manifested by a steadily rising base-line absorb- 
ance (0.001-0.002/hr) throughout the visible and 
near-infrared region while the cell  was held a t  

250°C. Examination of the windows revealed 
hexagonal pyramidal pits (6 to 10  p across and 
0.8 to 1.1 p deep, covering 15 to 40% of the 
surface). The amount of titanium and aluminum 
appearing in cell  samples (determined by spec- 
trographic analysis) increased with the time and 
temperature of exposure and was roughly propor- 
tional to the acid concentrat inn. Estimated cor- 
rosion expressed in terms of mils (unit 
formality)-' DC104 is given below. 

Titanium 

Sapphire 

Perhaps i t  is worth pointing out that these rates 
are certainly tolerable for experiments of a few 
hours duration. 

In numerous previous experiments involving 
nitrate and sulfate media no pitting occurred, but 
the sapphire window surfaces ' were smoothly 
eroded. 

2 2 ~ .  A. Vlcek and P. Beran, Chem. L i s t y  50, 1306 
(1756). 



PHYSICAL CHEMISTRY O F  ION EXCHANGERS 

Absorption of Bromide Ion from Aqueous Chloride 

Solutions by Liquid Amine and Resin Anion 
Exchangers: Evidence for Bichloride Ion 

in Anion Exchangers 

S. Lindenbaum G. E. Boyd 

The absorption of microquantities of bromide ion 
from aqueous solutions of hydrochloric acid, 
lithium, sodium, potassium, and cesium chloride 
by tri-n-octyl amine solutions in toluene, and from 
hydrochloric acid by a strong-base anion ex- 
changer was measured. The departure of the 
equilibrium distribution coefficients for the liquid 
ion exchanger from a "mass law" dependence on 
electrolyte concentration could be explained quan- 
titatively by the nonideality of the aqueous phase. 
With the anion exchange resin, however, correc- 
tions for aqueous-phase nonidenlity nnd for de- 
swelling were not sufficient to give conformity 
with the mass law; in addition, an important 
correction for the organic-phase nonideality was 
required. The magnitude of the organic-phase 
nonideality could be correlated with the invasion 
of this phase by electrolyte. When the invasion 
was small, or absent, a s  with the liquid ex- 
changer, the nonideality was small and could be 
neglected. 

An attractive explanation for the large non- 
ideality associated with the invasion of anion 
exchangers, liquid and resinous, by hydrochloric 
acid would be the strong binding of HC1 to the 
exchange site to form hydrogen dichloside ion, - 
HC1, . This species was observed recently, and 
i t s  infrared spectrum was identified in crystalline 
tetramethyl ammonium hydrogen dichloride. 
Strong absorption by the hydrogen dichloride ion 

was found a t  1180 and 1565 cm-l. To determine 
whether this ion was present in the liquid anion 
exchange system, infrared spectra were measured 
on solutions of tri-n-octyl amine hydrochloride 
in carbon tetrachloride or toluene that had been 
equilibrated with concentrated aqueous hydro- 
chloric acid. Prominent absorption bands were 
observed in the 1180 cm-' and 1565 cm-I regions 
of the spectrum, supporting the view that the 
dichloride ion is found in these solutions. 

2 3 ~ .  C .  Waddington, 1. Chem. Soc. 1708 (1950). 

The decomposition pressure of tetramethyl am- 
monium hydrogen dichloride was reported recently 
by Chang and  estrum.'^ The vapor pressure 
was independent of composition for the system 
tetramethyl ammonium chloride-tetramethyl am- 

monium hydrogen dichloride, indicating that a 
second phase formed a s  HC1 was added to  the 
tetramethyl ammonium chloride. Our measure- 
mentsZ5 of the vapor pressure of HC1 g a s  over 
a dry sample of Dowex 1 in the chloride form 
showed that HC1 was strongly absorbed; however, 
the vapor pressure varied with the composition of 
the exchanger, indicating that the latter must be - 
regarded a s  a single phase containing HC1, 
ions. 

Osmotic Coefficients of Quaternary Ammonium 
Halides 

S. Lindenbaum 

Osmotic coefficients of tetramethyl ammonium 
chloride and bromide, trimethyl benzyl ammonium 
chloride and bromide, and P-hydroxyethyl-dimethyl- 
benzyl ammonium chloride and bromide were meas- 
ured by the isopiestic method. The trimethyl 
benzyl ammonium compounds are structurally anal- 
ogous to Dowex 1, and the P-hydroxyethyl-dimethyl 
benzyl ammonium compounds are analogous to 
Dowex 2; hence, both serve a s  "model compounds'' 
for these ion exchange resins. Osmotic coeffi- 
cients for the pure sa l ts  and several mixtures are 
shown in Fig. 6.10. In each case  the curve for 
the bromide salt  l i e s  lower than that for the 
corresponding chloride, indicating that the bromide 
ion is bound more tightly to the quaternary ni- 
trogen. Strong-base anion exchange resins also 
exhibit a strong preference for bromide over 
chloride ions. The curves for the trimethyl benzyl 
ammonium s a l t s  and those for the P-hydroxy-ethyl- 
dimethyl-benzyl ammonium sa l t s  were found to l ie  
much lower than those for the tetramethyl arnmo- 
nium salts. Evidently, the presence of a benzyl 

group in a quaternary ammonium ion greatly en- 
hances i t s  anion binding ability. 

2 4 ~ .  Chang and E. F. Westrum, j .  Chem. Phys .  36. 
2571 (1962). 

2 5 ~ h e  authors gratefully acknowledge the advice and 
help of R. H. Busey in making these measurements. 
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Fig. 6.10. Osmotic Coefficients of Some Quaternary Ammonium Holides: The curves for the mixtures are 
labeled with the fraction of bromide in each mixture. 



Heat-of-Exchange Measurements with Linear pounds is shown in Fig. 6.11. The integral heats  
Anion Exchangers of solution for the monohydrate of the sulfonic 

acid and for the lithium, sodium, potassium, and 
Fred Vaslow cesium sa l t s  were -4250, -1660, +1780, +3305, 

and + 5410 cal/mole, respectively. The heat con- 
An apparent Br/C1 selectivity coefficient and a 

tent curves are notable in that their initial slopes 
standard heat of exchange were determined calori- 

are larger than for any other common, 1:1, alkali- 
metrically for Dowex 1 linear polymer a t  8 x lo-* 

metal salt. 
weight normality. These results were obtained 
by measuring the heat effects on adding equivalent 
amounts of ~ 1 -  ion to the Br- polymer solution 
and the converse reaction of Br- ion to the C1- 
polymer so  that the final s ta tes  are identical. 
The heat is the algebraic sum of the two reaction 
heats, and the apparent selectivity 

is given by' ( A H ~ / A H ~ ) ~ .  The values are K = 

1.9 + 0.6 and AH0 = -630 + 50 cal/equiv. It is 
clear that the polyelectrolyte does not approach 
ideality even a t  this low concentration. The 
differences in heats of dilution of the ~ 1 -  and 
~ r -  linear polymers for concentrations corre- 
sponding to Dowex 2 resins of 2 to 24% cross- 
linking ranged from -455 to -550 cal/equiv a s  
compared with -1300 to -1730 cal/equiv for the 
heat of anion exchange with cross-linkcd anion 
exchangers. Addition of the linear polymer ex- 
change heat to the dilution heats gives a r ia-  
sonable agreement with the resin exchange heat. 
Some of the difference may be due to the fact that 
data for the Dowex 1 linear polymer only was 
available for comparison with results on Dowex 2. 

Heat effects on adding low concentrations of 
like ions to the linear polymers were endothermal 
and very small, although on adding the like-ion 
polymer to a 1 N solution of NaCl or NaBr a net 
heat effect of AH = -440 and -1000 cal/equiv 

- -  - - -resin~was-obseNed. -- - --== -- -=- 

Heat of Solution and Dilution Measurements 
with the p-Ethy l benzene Sulfonates 

Fred Vaslow G. E. Boyd 

Apparent molal heat contents and heats of 
solution relative to about 0.001 nr final solutions 
were measured for p-ethylbenzene sulfonic acid 
and i t s  alkali-metal salts. The concentration 
dependence of the apparent molal heat contents 
(i.e., "integral heat of dilution") for these com- 

UNCLASSIFIED 
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Fig. 6.11. Relative Apparent Molal Heat Contents of 

p-Ethylbenzene Sulfonate Solutions. 

Comparisons of the apparent molal heat content 
differences, for four cationic sa l ts  of the 
p-ethylbenzene sulfonate with the calorimetrically 
estimated standard heats of ion exchange, AH:,, 
for several Dowex 50 cation exchangers are given 
in Table 6.12. The agreement of the heats for 
the exchange of ~ a '  ion with Lit ,  H', and CS' 
ions is satisfactory. There is a significant dis- 
crepancy for the exchange of K' ion with sodium 
ion, however, and i t  is expected that a departure 

w i l l  be -found-evm-in -the ~a-'/Li f ~ a + f ~ ' ~ = a n d - -  - - 

~ s ' / ~ a +  exchanges when the heats of exchange 
for copolymers of l e s s  than 2% nominal DVB 
cross-linking are measured. 

Extraction of Fe(ll l)  from Aqueous Hydrochloric 
and Perchloric Acid Solutions by Liquid 

and Resinous Cation Exchangers 

S. Lindenbaum G. E. Boyd 

The phenomenon of ion exchange selectivity 
from concentrated aqueous electrolyte solutions 
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Tab le  6.12 Comparison of Heats of Exchange and Heats of Dilution Differences 

Percentage of Cross- 
N a/H N a / L i  K /N  a Cs/Na 

Linking of Resin A d L  h", , A$L m:x M L  Y x  QL &:x 

AQUEOUS ACID ACTIVITY, a 

5 9 
Fig. 6.12. ' ~ x t r a c t i o n  of F e  ( I l l )  by 0.1 N DNNS in Benzene and Dowex 50 from Hydrochloric and Perchloric 

Acid Solutions. 



has attracted an increased interest recently, al- 
though observations on the increased uptake of 
cations by strong acid cation exchangers from 
acid solutions were reported a s  early a s  1950. 
In Fig. 6.12 are reported observations made some 
time ago26 on the anomnlous absorption of micro- 
quantities of Fe(II1) ion from concentrated HCI 
and HC104 solutions by a liquid cation exchanger 
(dinonyl napthalene sulfonic acid, DNNS, dis- 
solved in benzene) and by a lightly cross-linked 
polystyrene sulfonate cation exchanger (Dowex 
50-X4). The unusual behavior found with the 
liquid and resinous exchanger was the marked 
increase in the extraction of Fe(lI1) above acid 
c~ncentrat inns  nf 3 rn 4 M ,  A t  lnnrcr concentra- 
tions the distribution coefficient decreased with 
increasing acid activity a t  a rate consistent with 
the hypothesis that an ion exchange reaction be- 

t tween H and ~e~~ ions occurred. The effect 
with Dowex 50 shown in Fig. 6.12 was observed2' 
previously with Fe(LI1) in hydrochloric acid solu- 
tions, using a methylene sulfonic acid cation 
exchanger. The phenomenon of increased uptake 
of cations by Dowex 50 from concentrated hydro- 
chloric acid has been shown to be a general 
one. 2 8 

The data of Fig. 6.12 reveal that the effect with 
Fe(IL1) occurs from HC104 a s  well a s  from HCI 
solutions and with both a liquid and a resinous 
strong acid cation exchanger. The result with 
perchloric acid suggests that a change in the 
Fe(II1) ionic species in the aqueous phase must 
occur, leading to an increased distribution co- 
efficient at high concentrations. It is also pos- 
sible with both acids that anion exchange groups 

t 
were formed in the organic phase (RS03H2 ), 
resulting in the larger uptake of iron (presumably 
a s  Fec14-) from concentrated hydrochloric than 
from perchloric acid. 

a general ion exchange separations scheme. Both 
anion and cation exchange methods have been 
explored. The media were mixtures of HC1, HN03, 
HF, HC104, and, in a few cases ,  H2S04. 

It is intended, on the basis of these studies, 
to divide che elements into logical ion exchange 
groups which can be separated from each other 
reasonably rapidly and with minimum overlap. 
Simultaneously, the studies are intended to supply 
the fundamental information for division of the 
groups into subgroups and for isolation of in- 
dividual elements. 

Most existing methods, for example, anion ex- 
change techniques or low- and medium-ionic- 
strength cation exchange techniques, did not seem 
adequate for the main group development, par- 
ticularly in the initial stages of the analysis 
where the number of elements could be exceed- 
ingly large. Use of concentrated perchloric acid 
with admixture of complexing acids appeared to 
offer, a s  mentioned in the previous annual re- 
port,30 an important new set  of conditions for the 
isolation of an initial group of elements. Ac- 
cordingly, the cation exchange studies in con- 
centrated HC104-HC1 and HC104-HCI-HF solutions 
were extended to some 80 elements. About 25 
were studied in HC10,-HN03 and HC104-HN03-HF 
solutions. In addition, about 20 elements were 
studied with cation exchangers in HC1-HN03 
solutions with and without added HF. The effect 
of temperature on adsorbability was investigated 
in the range 25 to 75OC for approximately 40 
elements in a variety of media. 

The elements adsorbed from concentrated HC104, 
containing moderate amounts of HC1 and small 
amounts of HF, constitute one of the first groups 
which may be isolated in a general separations 
scheme. HF is added to ensure dissolution of 
the hydrolyzable elements principally of the 4 t h  
5th, and 6th groups. Even small amounts of HF, 

ION EXCHANGE STUDIES 

Development of an Ion Exchange Separations 
Scheme 

F. Nelson J. H. ~ o l l o w a ~ ~ ~  
J. A. ~ a u s c h i l d ~ ~  K. A. Kraus 

D. C. Michelson 

Systematic investigation of ion exchange prop- 
erties of essentially all the metallic elements 
has continued with the objective of developing 

2 6 ~ .  E. Boyd and S. Lindenbaum, 134th National 
Meeting, American Chemical Society, Chicago, Ill., 
Sept. 7-12, 1958. 

2 7 ~ .  Djurfeldt and 0. Sarnuelson, A c t a  Chem. Scnnci. 
4, 165 (1950). 

2 8 ~ .  M. Diamond, J .  Am. Chem. Soc. 77, 2978 (1955). 
29~resen t  address, McClellan Air Force Base, Cali- 

fornia. 
3 0 ~ h e m .  Div.  Ann. Progr. Rept .  June 20, 1961, 

ORNL-3176, p 47. 



in certain instances, drastically lowered adsorba- Cation Exchange Studies of Uranium a t  High 
bili t ies from concentrated HClO,, and systematic Ionic Strength 

investigations of a number of elements in HC10, 
solutions a s  a function of HF concentrations have T. ~ u r a s e ~ l  F. Nelson 

been initiated. K. A. Kraus 

Detailed investigations have been carried out 

The presence of HF in the initial medium limits 
the solubility of a number of elements, particularly 
alkaline earths and rare earths. Earlier studies 
of the solubility of lanthanum fluoride in HF-HC1 
solutions at high HC1 concentrations implied that 
the solubility limitations would not be very 
serious, However, additional studies in concen- 
trated HC10, solutions showed that in this medium 
lanthanum fluoride is several orders of magnitude 
l e s s  soluble and that, therefore, solubility might 
cause  much more serious limitations than origi- 
nally assumed. 

In trying to establish a hypothetical se t  of 
conditions for the initial sample to which the 
group separations scheme is to apply, i t  was 
recognized that certain elements could be lost  
because of volatility. Further, other elements 
might be lost through volatilization during the 
repeated evaporations now deemed necessary 
during the prosecution of the scheme. Work has 
been initiated to establish which elements might 
be quantitatively removed by distillation and to 
determine how they might be collected. It is 
anticipated that certain volatilization techniques 
could be used to advantage to simplify the overall 
separations scheme. 

The current status of the scheme itself may be 
summarized a s  follows: Six major ion exchange 
adsorption groups have been established in a 
preliminary manner. These groups involve anion 
and cation exchangers a t  high, medium, and low 
ionic strength. For several of these groups, de- 
tailed breakdown into subgroups and individual 
elements has been possible. Approximately a 
dozen ion exchange separations schemes, which 
are anticipated to  play an important role in the 

" 
on adsorption of U(V1) (as  tracer u ~ ~ ' )  by cation 
exchangers from HClO,, HN03, HC1, and H2S04 
solutions and high ionic strength mixtures. 

Adsorbabilities at 25OC by Dowex 50-X4 from 
the various acids over a wide ionic strength range 
are given in Fig. 6.13. In perchloric acid, ad- 
sorbability decreases with increasing M HC10, 
at low ionic strength in thc uoual manner. Hnnr- 
ever, a t  high ionic strength, .D passes  through a 
minimum and then increases rapidly, reaching 
values larger than l o4  for M HC10, > 10. In the 
other media, the rise of D a t  high ionic strength 
is small or nonexistent. The divergence in ad- 
sorhahilities a t  high ionic strength betwccn per- 
chloric acid solutions and the other acids results, 
at least  in part, from complexing of U(V1) by the 
other anions, the complexes apparently having 
relatively low adsorbability a t  high ionic strength. 

Adsorbabilities of-U(V1) in various acid mixtures 
(HC10,-HC1, HC10,-H2S04, HC10,-HN03) at con- 
stant 9 M acidity are shown in Fig. 6.14. While 

3 1 ~ u e s r  scientist from Atomic Fllel Corporation, 
Tnkyn, Japan. 

UNCLASSIFIED 
ORNL-LR-DWG. 71628 

overall scheme, have been established in detail MOLARITY OF ACID 

and most of these have been written up. The 
group scheme has been applied successfully to Fig. 6.13. Adsorption of U(V1) from Various Mineral 
fission product samples. Acids. 



Fig. 6.14. Adsorption of U(VI)  from 9 M Acid Mix- 
tures (Dowex 50-X4, 2 5 O ~ ) .  

in all cases  the distribution coefficicnts dccrcase 
with decreasing fraction F of HC10, 

the effect is most ptcsnou~~crd with HC1 where the 
distrihutinn cnefficient at  

is almost two orders of magnitude lower than a t  

FHC104 = 1. At this high ionic strength U(V1) 

thus appears to be strongly complexed by chloride 
ions in contrast to i t s  behavior a t  low ionic 
strength where U(V1) is only slightly complexed 
by chloride ions. 

The rapid variation of D of U(V1) with F H c l o  
d 

in acid mixtures of high concentration can for; 
the basis  of a large number of separations. An 
interesting example of the use  of high-ionic- 
strength electrolyte mixtures for catibn exchange 
separations is shown in Fig. 6.15. This separa- 

t tion of C s  , ~ a ~ ' ,  st2', U(VI), and rare earths 
is based on the strong adsorption of s r 2  ', rare 
earths, and U(V1) from concentrated HClO,, the 
modest sensitivity of stZt to nitric acid in HC104- 

HN03 mixtures, the sensitivity of U(V1) to HC1 
in HC104-HC1 mixtures, and the relatively low 
sensitivity of the rare earths to admixtures of 
either HN03 or HC1. Elution of the rare earths 
is achieved in the absence of perchloric acid a t  
moderate ionic strength, where their adsorba- 
bilities go through a minimum. 

Adsorption on Inorganic Materials 

H. 0. 'Phillips K. A. Kraus 

Study of the methods of preparation and of the 
ion, exchange behavior of various inorganic ma- 
terials was continued. These studies included 
evaluation of rates of exchange, uptakes a s  a 

function of acidity, and selectivity. Special em- 
phasis was placed on a search for new combina- 
tions which might show unusual properties. 

A large number of vanadates were prepared in 
which an excess of vanadate was coprecipitated 
with Bi, Nb, Sn, Ta, Ti, and Th. All these 
materials showed cation exchange ' properties in 
acid solutions, with capacities for cesium of the 
order of 0.5 to 2 moles/kg. They showed moderate 
selectivity for cesium vs rubidium, with separation 
factors varying between 3 and 5. Distribution 
coefficients of the rare earths in 0.1 M HN03 
varied considerably from compound to compound. 
Thus, the distribution coefficients for c e 3  ' .and 
E U ~ '  were l e s s  than 1 for niobium vanadate and 
larger than 1000 for zirconium vanadate. 
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by Cation Exchange a t  High Ionic Strength. Column, 
3 cm x 0.28 cm2; Dowex 50-X4, -400 mesh; 50'~. 



By far the most interesting compound investi- 
gated was, however, zirconium antimonate. This 
material was prepared by adding excess SbC15 
in HC1 solution to zirconium oxychloride solution 
and then adding ammonia to the mixture. After - 
filtration, the material was washed and dried a t  
25OC. I t  had an Sb(V):Zr(IV) ratio of approxi- 
mately 2 to 1 and a water content of approximately 
27%. By using an antimonate containing Sb 124 

tracer, the material was found to be reasonably 
stable in ammonia, NaOH, HNo3, HC1, and H2S04, 
provided that the concentration of these reagents 
was l e s s  than 2 M. Uptake of CS' near pH 3 was 
about U.5 mole/kg, and uptake of ~ a '  from 0.9 M 
NaOH was about 5 moles/kg. 

In acid solutions, the antimonate showed high 
distribution coefficients for alkaline earths and 
rare earths. Thus the distribution coefficient for 

4 s r 2  ' (sr8 ') in 1 M HN03 was larger than 10 and 

for c e 3 '  larger than lo3. These distribution co- 
efficients from acid solutions for polyvalent ions 
are very much larger than those normally exhibited 
by hydrous oxide exchangers. 

The selectivity of .zirconium antimonate for the 
alkali metals in acid solutions, and particularly 

t for Na , is unique and can lead to interesting 
separations, a s  shown in Fig. 6.16, a separation 
of Kt, Rb', and ~ a ' .  Potassium can be removed 
with 2 M HN03; i t  is well separated from ~ b '  
which can be removed with about 6 M HNO The 3 -  
separation factor for these  two elements 1s thus 

unusually large. Cesium ion, had i t  been present, 
would have eluted together with Rb' with l i t t le 
separation. Lithium ion, had i t  been present, 
would have eluted ahead of, and well separated 
from, Kt. Sodium is exceedingly strongly ad- 
sorbed from acid solutions and cannot be removed 
even with concentrated nitric acid. It may, how- 
ever, readily be removed a t  lower acidity, for 
example, with 2 M NH4N03. 

U N C L A S S I F I E D  
ORNL-LR-OWG. 67552 

I I 

0 40 2 0  3 0  4 0  5 0  6 0  7 0  8 0  
COLUMN VOLUMES OF EFFLUENT 

Fig. 6.16. Separation of .Alkol i  Metals with Hydrous 

Zirconium Antimonate. Column, 2.6 cm x 0.19 cm2; 
80-170 mesh; drying temperature, 25'~. 



7. Electrochemical Kinetics and 
Its Application to Corrosion 

Ion Exchange a t  the P a s s i v e  F i l m  on Iron 
and Steel 

G. H. Cartledge D. H. spahrbierl 

As reported previously,2 the pass ive  film on 
iron and s t ee l  was shown to posses s  the property 
of ion exchange. Specimens passivated in a di- 
chromate solution and thoroughly rinsed retained 
a Cr(V1) species  which was removable by exchange 
with sulfate or  hydroxide ions,  for example. By 
use  of c r 5 ' ,  the kinetics of the exchange process 
is being investigated. The procedure involves 
immersion of a passivated and rinsed specimen 
in success ive  portions of the solution containing 
the ion to be exchanged. The activity extracted 
a t  the measured times is determined in a multi- 
channel analyzer. In order to follow changes in 
the potential of the specimen during extraction 
and to control th is  potential a t  a fixed value, 
when desired, the apparatus shown in Fig. 7.1 
was used in certain experiments. 

The  reliability of the procedure adopted and the 
freedom of the exchange process from complica- 
t ions due to diffusion were demonstrated by meas- 
uring the ra. t e  of exchange of aqueous ~ r : ~ 0 ~ ~ -  
ions with ~ r : ~ 0 ~ ~ -  (or C ~ ~ ' O ~ ' - )  on the film. 
As seen  in Fig. 7.2, the process followed ac-  
curately a first-order course with respect to chr 
residual chromate on the surface, a s  would be 
expected. That  the exchange involves essential ly 

'present address: Frankfurt, Germany. 

'D. H. Spahrbier and G. H. Cartledge, Chem. Diu. 
Ann. Progr. Rept .  June 20, 1961, ORNL-3176, p 60. 
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Fig. 7.1. Apparatus for Ion Exchange. A, water- 

jacketed reservoir; B, jacketed extraction cel l ;  C, 
specimen, held by a Teflon support having an a x i a l  

stainless steel  rod for electr ical  connection; D, contact 

for platinum gauze counter electrode; E, reservoir for 

rinsing; F, holder for counting tubes. 



Numerous measurements of the rate of exchange 
by (NH4)2S04 were made in both ammoniacal and 
weakly acidic solutions, extraction times being 
from 1 min to more than a week. Figure 7.3 shows 
the type of result uniformly obtained: the cumu- 
lative amount of chromium displaced per square 
centimeter quickly became almost linearly pro- 
portional to log t; this continued until the rate 
fell off a s  exhaustion of the film was approached. 
The initial decrease in rate was much greater 
than that for a first-order dependence on residual 
chromium on the surface. 
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Fig. 7.3. Typical Exchange-Time Curve. 
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Fig. 7.2. First-Order Exchange of c rS1  on Surface by 

Aqueous c~;~o,~- ;  wO i s  the Init ial  Exchangeable 

Chromate and q i s  the Amount Exchanged a t  Time t .  

only surface ions, a s  distinguished from chromium 
within the film, was shown in two parallel ex- 
periments. In one, the specimen was exposed 
to ~ r 5 2 ' 0 , ~ -  only after initial passivation in 

and removal of the surface ions by the 
usual exchange procedure. The other specimen 
was passivated in c ~ ; ' o ~ ~ - ,  extracted with sul- 
fate, and again exposed to ~ r z ~ 0 ~ ~ - .  There was 
no significant difference in the rates of exchange 
a t  40°C during the first 5 hr, a t  the end of which 
time the exchange from each specimen was roughly 
80% complete, although c r 5 '  was present in the 
entire film in the second case. 

The log t relationship suggests an analogy to 
the Elovich equation for the rate of adsorption 
or desorption a t  a metallic surface, which is as- 
sociated with a dependence of the heat of activa- 
tion upon the coverage, 0. A rate equation was 
therefore developed from the Eyring absolute 
rate theory, under the assumption that the heat 
of activation increases linearly with the extent 
of exchange, q: 

In order that T may be referred to the surface area 
available for ion exchange, the factor f is intro- 
duced to represent the ratio of this area to the 
projected area. The factor T thus has the dimen- 
sions cal mole-' cm2 g-' based on the available 
area, when q i s  in g of Cr per cm2 (projected). 



The  rate equation then contains a linear deple- 
tion term, wo - q, where wo is the total exchange- 
able chromium, and an exponential term in q: 

d q 24 
- = S ~ W ,  - q) exp (- -) , (2) 
dl  f R T  

in which Sb includes the usual  kinetic factors, 
bes ides  the constant concentration of the ex- 
tracting ion (e.g.,  SO^^‘), AH:, and AS*, varia- 
tion of which is assumed to be of minor impor- 
tance. So long a s  the exponential term is dominant, 
Eq. (2) can be integrated to give 

where So i s  the initial rate, S'g wo (q. = 0). The 
curve in Fig. 7.3 is a least-squares f l t  of one se t  
of data to Eq. (3) up to the point a t  which de- 
pletion is clearly being approached. All experi- 
ments conformed closely to this  relationship. 

A t e s t  of the complete Eq. (2) may be made by 
taking its logarithm after multiplication and di- 
vision by wo and then plotting the logarithm of 
the rate v s  q: 

dq wo - 4 
log - = log So + log - - - 

A t  1i1 2.3 / R T  
- (4) 

The ra tes  are obtained a s  tangents to linear plots 
of y vs  1. Curve I11 in Fig. 7.4 i s  such an ex- 
perimental result. Since the rate measurements 
become l e s s  accurate a s  the process approaches 
completion, the extractions were never carried 
quite that far, but a value of wo was soug1ic such 
that the combination of linear and exponential 
terms correctly represented the experimental curve. 
In Fig. 7.4, such an analysis  of one experiment 
is shown. Curve I would be the rate i f  only the 
first-order term were involved; Curve I1 represents 
the exponential term alone, and the product of the 
two (divided by S o ,  which appears in each of them) 
gives Curve 111. It i s  clear that the initial pre- 
dominance of the exponential curve over the linear 
one accounts for the applicability of the simplified 

wo 

lo4! ; d 6 b lk I! 1 
CHROMIUM EXTRACTED (g/cm2x l o8)  

Fig. 7.4. Analysis of Experimental Rate-q Curve ( I l l )  

into a First-Order Term (I )  and a Term Exponential in q 

(11). The circles on I l l  are taken from tangents to a 

linear plot of q vs 1 .  

Eq. (3) over s o  extensive a range. From the slope 
of Curve 11, the value of r / /  for a particular spec-  
imen is obtainable. 

From the analys is  of 1 3  experiments a t  40°C, 
in which the surface treatments were varied radi- 
cally, the variation of r / /  with surface treatment 
makes i t  possible to conclude that maximum init ial  
coverage in the passivated specimens is about 
2.26 x g of Cr per cm2 (true), or 65% of the 
value for close-packed tetrahedral chromate ions.  
The  corresponding value of r  indicates that  the 
activation energy increases by 4300 ca l  mole-' 
during replacement of this  monolayer. The resul t s  
show a striking similarity to those for adsorption 
of g a s e s  on metals, where the effects  can be 
understood in terms of changes in the energy 
levels of the substrate resulting from adsorption. 
It is believed that they are further evidence for 
similar electr ical  effects a t  the interface between 
film and solution. The significance of the results  
for passivation theory will be d iscussed in a 



forthcoming paper. The  experiments are being 
continued with other ions  and with potentiostatic 
control of the potential a t  which exchange occurs. 

where H i ,  H i ,  and H; represent atomic hydrogen 
The Role of Hydrogen Penetration into the Metal 

on the electrode surface, a t  a point just within 
i n  the Electrochemistrv of  Iron . . .  

the metal, and a t  any point in the metal a t  a 

E. J .  Kelly 

In an  earlier report, i t  was  shown that the elec- 
trochemical polarization characterist ics of iron, 
undergoing ac t ive  corrosion in acid media, are 
strongly time dependent.3 The rates of both the 
hydrogen-evolution reaction and the iron-dissolu- 
tion reaction slowly increase  or decrease with 
time t o  their new steady-state rates following a 
potentiostat ic sh i f t  to more positive or more nega- 
t ive potentials, respectively. These  findings 
made i t  possible to account for many of the ap- 
parent contradictions i n  the literature regarding 
the corrosion potential - pH relationship, Tafel  
s lopes,  [OH-] orders, and other diagnostic criteria 
in the. reaction mechanisms of the iron-acid 
system - and afforded an  explanation for the  fre- 
quently ci ted phenomenon of electrochemical po- 
larization hysteresis .  On the bas i s  of the evi- 
dence available a t  the time, i t  was suggested that 
the slow transient behavior might be attributed 
to hydrogen penetration into the iron. During the 
pas t  year s tudies  have been directed a t  verifying 
th is  conclusion. Two approaches to the problem 
have been followed, the first involving the anal- 
y s e s  of numerous cathodic transient curves, and 
the second involving the effects  produced on the 
electrode reaction ra tes  when atomic hydrogen, 
generated on the  opposite s ide  of the iron mem- 
brane electrode, diffuses through the metal to  the 
surface under observation. 4 

Analysis of Cathodic Transients. - The  hy- 
drogen evolution reaction on any metal in de- 
oxygenated acid media may b e  described by the 
following s e t  of partial reactions,  

3 ~ .  J .  Kelly, Chem.  Div .  Ann. Progr. Rep t .  J u n e  20, 
1961, ORNL-3176,p 65. 

4 ~ .  N. Frumkin, Zh.  F i z .  Khim. 31, 1875 (1957). 

distance x (cm) from the electrode surface, re- 
spectively. Electrochemists have tended to 
ignore reactions (4) and (5), which are those - 
involved in the hydrogen penetration into the 
metal. While th is  may be justified in the c a s e  
of a metal l ike mercury, such an a priori assurnp- 
tion cannot be made when dealing with metals 
in which hydrogen is known to be  appreciably 
soluble, like iron, riickel, and platinum.6 On the 
other hand; the experimental data,  a s  well a s  
theoretical considerations, i~lclicatr that, under 
the conditions prevailing in this  study, the re- 
combination reaction (3) on iron can  be ignored. 7 

For the system of reactions give11 above, the 
2 net current density, i (amp/cm ), is given by 

where the negative s ign  in front of i ar i ses  from 
a convention whereby a net cathodic current 
corresponds to a negative curretlt. A line over 
a rate constant symbolizes i t s  potential depend- 
ency. The fraction of the electrode surface avail-  
able to the reaction system i s  represented by $, 
and the fraction of the surface covered by adsorbed 
atomic hydrogen is represetlted by 8. The other 
symbols in Eq. (6) have their customary signifi- 
cance,  with F being the Faraday constant. The 
rate of change of 8 with time is given by 

5 ~ .  O'M. Bockr i s  and H. Mauser,  Can .  J .  Chem. 37, 
475 (1959). 

' J .  OsM. Bockr i s ,  Chem. R e v .  43, 541 (1948). 

7 ~ .  I.  Khrishtal ik ,  R u s s .  J .  Phys ,  Chern. ( E n g l i s h  
Trans l . )  34, 53 (1960). 



in which B i s  a constant relating the coverage 8 
to the concentration of atomic hydrogen on the 
surface. The rate a t  which hydrogen penetrates 
into the metal may be either surface controlled, 
reaction (4), or controlled by diffusion within 
the bulk of the metal, reaction (5). In what fol- 
lows, i t  will be assumed that the hydrogen pene- 
tration rate is surface controlled. This implies 
that the ratio of the diffusion coefficient of atomic 
hydrogen in iron to the length of the diffusion 
path is large compared to k-4. In this case,  
[H;] in Eq.' (7) becomes [Hk], the concentration 
of atomic hydrogen in the interior of the metal. 

~ - 

Furthermore, one can then write 

where V (cm3) and A (cm2) represent the volume 
and the surface area, respectively, of the elec- 
trode. 

In Fig. 7.5, the absolute value of the ca- 
thodic current is shown a s  a function of time 
for a typical cathodic transient. At time zero, 
the electrode potential was shifted potentio- 
statically to -0.850 v vs  S.C.E., that i s ,  to 
n new cathodic overvoltage of about -200 mv 
a s  compared with the original steady-state cath- 
odic overvoltage of -100 mv. Accompanying the 
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CATHODIC TRANSIENT ON Fe IN HBz 
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Fig. 7.5. Cathodic Current as a Function of Time for 

o Cathodic Transient on Iron in Benzoic Acid. 

shift in potential, the cathodic current r ises  in- 
stantly to liol = 9.41 x l o ->  amp a s  shown, and 
then slowly diminishes over the next 1800 min 
to the indicated steady-state current, liss 1 = 1.83 x 
l o ->  amp. During this transient, the rate con- 
stants are independent of time, since the potential 
is fixed. If i t  i s  assumed that $ is also inde- 
pendent of time during the slow transient, then 
i t  is evident from Eq. (6) that the change in the 
current with time must be ascribed to the time 
dependency of 8. In shifting the electrode po- 
tential to a more negative value, 8 increases. 
However, due to the transfer of hydrogen into the 
metal, 8 a t  any time t i s  l e s s  than in the steady 
state,  and a s  0 slowly increases to i t s  steady- 
state value the cathodic current simultaneously 
drops. If i t  i s  assumed that during the slow 
transient d8/dt 2 0, but d[H' ]/dt # 0, one can 
obtain 8 a s  a function of [HJ from Eq. (7) and 
thereby obtain a solution of Eq. (8) for [Hk] a s  
a function of time. Relating [H;] to the current 
through 8, one then obtains Eq. (9) for the current 
a s  a function of time: 

log (iss - i t )  = Gt + H(it - iO)  

+ log (is, - io) . (9 )  

In Eq. (9), i o ,  i t ,  and iss represent the currents 
a t  time zero, a t  any time t, and in the steady state,  
respectively, and G and H are constants for a 
given electrode potential. The variation with 
time of the second term on the right side of Eq. (9) 
becomes insignificant a t  long time and, a s  a 
result, Eq. (9) rcduces to 

log (iss - i t )  = Gt + C' (1 0) 

for long time. In Fig. 1.6, log (iss - it) i s  plotted 
against time and, a s  anticipated, the resulting 
curve becomes linear only after approximately 
200 min. 'The constant G can be determined from 
the slope of the linear section of the curve. Equa- 
tion (9) can be rearranged to give 

log (iss - i t )  - Gt = Hi, + C ". (11) 

In Fig. 7.7, the left side of Eq. ( l l ) ,  evaluated 
by using the value of G obtained from Fig. 7.6, 
i s  plotted against the current over the initial 
portion of the transient - that portion where Eq. 
(10) i s  inadequate (Fig. 7.6). From the slope of 
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Fig. 7.6. Log ( i s S  - i t )  as a Function of Time for a 

Cothodic Transient on lron in Benzoic Acid. 
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Fig. 7.7. Log ( i s s  - i t )  - Gt as a Function of -it for 

a Cathodic Transient on Iron in Benzoic Acid. 

the resulting straight line, H can be evaluated. 
With G and H determined, the entire current-time 
curve can be calculated by means of Eq. (7). The 
results  for the first 100 min are given by the 
circles in Fig. 7.8. The experimental data are 
given by the curve which is essential ly coincident 
with the circles.  For comparison, the results  
calculated by means of Eq. (10) are shown by the 
lower curve. In summary, it has  been shown that 
the experimental results  can be interpreted [cf. 
Eq. (9)] on the bas is  of hydrogen penetration into 
the metal. 
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Fig. 7.8. Experimental and Calculated Curves of 

Current vs Time for a Cothodic Transient on lron in 

Benzoic Acid. 

Di f fusion o f  Hydrogen Through an lron Mem- 

brane. - On the bas i s  of the model presented 
above, it. can be  shown that, a t  a fixed cathodic 
potential, the cathodic.  current density should 
decrease  i f .  8 increases.  This  hypothesis was 
tes ted  directly by using an iron membrane elec- 
trode, rather than a cylindrical electrode a s  used 
in  the previous studies. The iron membrane sepa- 
rated two complete ~ lcc t rochemicnl  cells ,  the 
only contact between the two ce l l s  being via dif.- 
fusion of atomic hydrogen through the membrane. 
One s ide  of the membrane was s e t  a t  a fixed 
cathodic potential until a steady s ta te  was at- 
tained. Then, hydrogen was cathodically gener- 
ated on the opposite s ide  of the membrane. The  
diffusion of the hydrogen to the s ide  of the mem- 
brane under observation resulted in a decrease 
in  the cathodic current a t  the fixed potential, 



in accordance with the model. These  preliminary 
observations suggest that a quantitative study 
of the behavior of an iron membrane electrode 
would add considerably to our knowledge of hy- 
drogen penetration into iron, and its effects on 
the hydrogen-evolution and iron-dissolution re- 
actions. 

Electrochemistry of Zirconium 

R. E. Meyer 

Dissolution of Zirconium i n  HF. - Although it 
i s  well known that aqueous solutions of HF will 
dissolve zirconium at  significant rates,  the mech- 
anism of this  reaction is not clear. Using a tracer 
method of measuring dissolution rates,  Smith and 
~ i 1 1 '  showed that the rate of dissolution of zir- 
conium in various solutions containing HF was 
directly proportional to the concentration of un- 
dissociated H F  and to  no other species  which 
contained fluorine, s ~ ~ c h  a s  F -  or HF2-. Recause 
they a lso  found that the rate of dissolution de- 
pended on the stirring rate, they postulated that 
the reaction was limited by the rate of diffusion 
of undissociated HF to the metal surface. Since 
i t  i s  surprising that fluoride ion itself does not 
participate in the reaction, an investigation was 
undertaken to confirm this effect and to try to 
determine the electrochemical mechanism of 
dissolution. 

Preliminary experiments showed that  this  re- 
action was a t  leas t  partially under diffusion con- 
trol a s  Smith and Hill had postulated, and that 
therefore the usual steady-state polarization 
methods of obtaining the dissolution rates and 
other kinetic constants could not be applied. 
Polarization measurements were therefore obtained 
by applying constant current pulses  50  to 100 msec 
in  duration and recording the resulting potential 
variations with an oscilloscope. Potential t races  
were then extrapolated to zero time in  order to  
obtain polarization data corresponding to the 
concentration gradients existing hefore the onset  
of polarization. Dissolution rates were then ob- 
tained either by extrapolation of the anodic or 
cathodic Tafel  l ines to the dissolution potential 
or by calculation from Eq. (1):' 

Here, i i s  the dissolution rate, pa and PC are the 
anodic and cathodic Tafel  slopes,  respectively, 
ix i s  the applied polarization current, and 71 i s  the 
overpotential. In comparison with tracer methods 
of measuring the rate, these  electrochemical 
methods have the advantages of giving the instan- 
taneous rate directly and of yielding additional 
kinetic data. 

In order to compare rates of dissolution in dif- 
ferent solutions, a ce l l  was designed in which 
any of s ix  'l'eflon cups could be  quickly placed 
in position around the electrode assembly. Rates  
of dissolution in different solutions could therefore 
be compared before the electrode surface changed 
appreciably. 

A typical determination of the dissolution rate 
and the Tafel  slopes is shown in Fig. 7.9. The 
circled points represent external applied current. 
The true Tafel l ines  were calculated in the usual  
way from the relation that the external applied 
current a t  any one potential must equal the dif- 
ference between the absolute values of the anodic 
and the cathodic current. The dissolution rate 

is determined by extrapolation of the linear s ec -  
tions of the plots of log current v s  overpotential 
to zero overpotential. 

Figure 7.10, a plot of log rate v s  log concen- 
tration of undissociated HF, shows that  the ra tes  
of dissolution are directly proportional to the HF 
concentration. By varying the pH, i t  was  po'ssible 
to vary the concentration of the fluoride ion. No 
relation was found between the rate of dissolution 
and the fluoride-ion concentration. 

Weight-loss experiments, in which zirconium 
specimens were weighed before and after extended 
periods of dissolution, were a lso  performed. 
During the dissolution period a large number of 
rate measurements were made using the method 
of Eq. (I), and the average rate was  calculated. 
This average rate was then compared with the 
average rate determined by weight loss .  Table 7.1 
shows the results  of these  measurements. The  
table shows that  the actual  weight l o s s  is greater 
than the weight l o s s  calculated on the assumption 
that there are four equivalents per mole of zir- 

*T. Smith and G. R. Hill, 1. Electrochem. Soc. 105, 
117 (1958). 

9 ~ o r  derivations and explanations o f  this equation 
s e e  M .  Stern and A. L .  Geary,  I. Electrochem. Soc. 
104, 56 (1957) and F.  A. P o s e y ,  Chem. Div.  Ann. 
Progr. Rept. June 20, 1957, ORNL-2386, p 110. 
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Fig. 7.9. Transient Current-Potential Relotions on Fig. 7.10. Relation Between Dissolution Rate and 

Zirconium Dissolving in Aqueous Solution Containing Concentration of Undissocioted H F  in Aqueous HF-H2S04 

0.02 N H F  and 1 N H2S04. Solutions. 

Table 7.1. Comparison of Weight-Loss and Electrochemical Methods of Measuring Dissolution Rates 

in Aqueous Solutions of H F  and H2S04  

Average Rate Duration of Calculated 
Run Weight 1.ns.s of Dissolution Run Weight Loss Effective 
No. (mg) (amp) (set) (mg) valencea 

a ~ v e r a R e  deviation from 3.0: 0.28. 

conium, as one  would expec t  from . t h e  normal common for a metal to  d i sso lve  with an  effect ive 
va lence  of four. Agreement i s  obtained, a s  shown charge number l e s s  than t he  normal one. There  
by t he  l a s t  column, if it is assumed tha t  there a r e  general ly two ways  in  which t h i s  effect  may 
a r e  th ree  equivalents  per  mole in  the d i sso lv ing  b e  explained. Ei ther  t he  mechanism ac tua l ly  
s p e c i e s .  It should b e  noted that  i t  is not  un- involves t ransfer  of a n  ion of lower valence,  with 



immediate further oxidation in the solution, or 
the solvent tends to undercut the metal, removing 
"chunks" of metal which later  dissolve without 
electr ical  contact with the bulk of the metal. 
The effective valence obtained i f  the lat ter  effect 
("chunk" effect) operates should vary with chang- 
ing surface curlditiorls, and experilue~lts are beirig 
conducted to tes t  this  possibility. 

Passivi ty and Transpassivity in Iron 
and Ferrous Alloys 

F .  A. Posey 

The existence of a pass ive  s t a t e  on iron and 
ferrous al loys in contact with a solution is one 
of the most important characterist ics of this metal 
and i t s  alloys. On the other hand, no compre- 
hensive treatment of kinetics of the pass ive  s t a t e  

Anodic Tafel slopes tended to increase with has  been available to a s s i s t  in understanding 

lower rates of dissolution. Further, oscillatory the diverse phenomena which have been observed 

phenomena were noted during long-term anodic on pass ive  electrodes. In an effort to contribute 

polarization. Both of these phenomena are char- to the solution of th is  c l a s s i ca l  problem in elec- 

acterist ic  of film-covered surfaces: therefore the trochemical kinetics, a model $as developed on 
- -  - 

possibility exists that the dissolution of zirconium the bases of laws of Pmc- 

proceeds through the continuous formation and eSSeS and of certain 'OncePts semiconductor 

dissolution of an oxide film. Further experimenta- Some aspects the are presented 

tion i s  planned to t e s t  this postulate. below and d iscussed in relation to experimental 

The cathodic reaction during dissoliition i s  the 
reduction of hydrogen ions. Measurements of the 
cathodic Tafel  l ines a s  a function of pH showed 
that the reaction is first-order with respect  to  
hydrogen ion and that the Tafel  s lopes  varied 
from 80 to 130 mv per decade; both observations 
are normal for hydrogen overvoltage on metals. 

Studies on Passive Zirconium. - The investiga- 
tion of the effects of films on reduction processes 
on film-covered electrodes i s  made difficult by 
the absence of reliable methods of measuring the 
thickness of thin films in the experimental cell.  
For this  reason, the capacity of pass ive  zirconium 
was investigated a s  a possible means of deter- 
mining a t  leas t  relative film thickness. Since 
there i s  no absolute way of determining film 
thickness under the desired conditions, it  is 
possible only to compare various indirect methods. 
A ser ies  of experiments was therefore conducted 
to compare the thickness calculated from a fast-  
pulse method of measuring the capacity with 
the thickness calculated from the total charge 
passed  in galvanostatic or potentiostatic experi- 
ments. Experiments performed s o  far indicate 
that, in the early s tages  of the formation of the 
film, there i s  good correspondence between thick- 
nes ses  calculated by the two methods. In the 
later  s tages  of film formation this relation is 
not valid. These  experiments appear promising, 
and further work is planned. 

observations. 
Comprehensive reviews are available lo-  which 

d iscuss  recent experimental findings on pass ive  
iron. According to the consensus of opinion, 
the passivity of iron in contact with an  acid 
solution i s  due to the presence of a thin, pore- 
free oxide layer which forms a t  a definite electrode 
potential, known a s  the Flade potential. ' 4- 

Over a potential range of approximately 1 v posi-  
tive to the Flade potential, the corrosion rate 
of iron i s  independent of the electrode potential, 
ferric ions  are produced in solution, and the 
logarithm of the corrosion rate varies directly 
with p ~ . 1 7  The pass ive  layer is a good electronic 
but a poor ionic conductor. la -  l9 At sufficiently 
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Moscow, 1956, Consultants Bureau, New York,  1961. 

"K. G. Weil,  2. Elektrochem. 62 ,  638 (1958) .  

'*L. Young, Anodic Oxide Films,  p 227,  Academic 
Pres s ,  New York,  1961. 

13K. J .  V e n e r ,  Eiektrochemische Kinetik, p 602,  
Springer-Verlag, Berlin, 1961. 

'*F. Flade,  2. Phys ik  Chem. (Le ipz ig )  7 6 ,  513 
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1 5 u .  F. Franck, 2. Naturforsch. 4a, 378 (1949).  
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(1952) .  
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high electrode potentials, corrosion current is 
no longer independent of, but increases exponen- 
tially with, potential; this is the region of trans- 
passivity. At constant potential in the trans- 
passive region, the logarithm of corrosion current 
varies linearly with pH, but in a direction opposite 
to the variation in the passive region.20 The 
thickness of the oxide layer increases linearly 
with potential above the Flade potential, at leas t  
up to the transpassive region.2 All applied 

" anodic current in  excess  of the corrosion current 
in the passive region forms an equivalent amount 
of oxide; growth of the oxide is responsible for 
characteristic current-time transients observed 
when electrode potential is suddenly changed 
in potentiostatic experiments and for anodization 
under galvanostatic conditions. 

The semiconducting nature of the transition- 
metal oxides is well established, and recent 
 review^'^-^^ on semiconductor electrode kinetics 
suggest the need for application of semiconductor 
theory to the passive s ta te  on metals. The pres- 
ent treatment assumes the validity of certain 
kinetic laws for the transport of particles in a 
semiconducting lattice under the influence of an 
electric field. The transport equations and 
Poisson's equation are solved for a particular 
quasi-equilibrium situation to give the distribu- 
tions of potential and concentration in the passive 
layer. Finally, with the aid of boundary conditions 
derived from assumed mechanisms and the for- 
malism of electrochemical kinetics, expressions 
are developed for several properties of the passive 
and transpassive states.  

Examination of transport for the 
net flux of ions across a ser ies  of potential- 
energy barriers in the presence of an electric 

field shows that, for high fields, the flux of posi- 
tive particles may be expressed by 

where u+(x) and C+(x) are the flux and (volume) 
concentration of positive ions, k +  i s  a rate con- 

+ stant, z is the particle charge, (6%) i s  the thick- 
ness of the barrier of symmetry factor a + ,  E(x) 
i s  the electric field, and R T / ~  I kT/eo is the 
thermal volt equivalent. An analogous equation 
holds for the flux of negative ions. For the 
high-field case,  there is no significant back re- 
action and, therefoce, no importnnt concentration 
gradient of positive ions (or, similarly, of negntive 
ions). In order to obtain results consistent with 
experiment, the quasi-equilibrium assumption must 
be made that the distribution of electrons in the 
passive oxide lattice is essentially undisturbed 
by the electron flux due to reactions occurring 
at the oxide-solution interface. 'I'his approxima- 
tion leads to the classical  nondegenerate Boltz- 
mann distribution 

where A$(%) = $(O) - +(x) i s  the difference be- 
tween the Galvani potential a t  the inner surface 
of the passive layer and the potential at the 
point x, and n(x) i s  electron concentration. 

The distribution of potential in the passive 
layer i s  calculated from Poisson's equation, 

'OK. G. Weil and K .  F. Bonhoeffer, 2. Physik, Chem. 
(Frankfurt) 4, 175 (1955). 

2 1 ~ .  J.  Vetter, 2. Elektrochem. 58, 230 (1954). 

2 2 ~ .  J. Vetter, Z. Elektrochem. 62, 642 (1958). 

2 3 ~ .  Green, p 343 in Modern Aspects  of Electro- 
chemistry, vol 2, ed. by J .  O'M. Bockris, Butterworths, 
London, 1959. 

together with Eq. (2) and certain assumptions. 
In Eq. (3), E i s  the relative dielectric constant, 

is the permittivity of free space in the ration- 
alized MKSA system, and ~ ' ( x ) ,  C-(x), p(x), and 

2 4 ~ .  F. Dewald, p 727 in Semiconductors, ed. by 
N. B. Hannay, ACS Monograph No. 140, Reinhold, New 
York, 1959. 
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n(x) are concentrations of positive ions, negative 
ions,  holes, and electrons, respectively. On the 
assumption of essential ly complete e1ectroneu'- 
trality wish respect  to lat t ice ions, s o  that  
c+(x) 2 C-(x), and on restriction of the calcula- 
tion to the region where n(x) >> p(x), Eqs. (2) and 
(3) may be solved for the potential distribution of 

2RT 
A+(%) = - In [cosh (5%) + fi. sinh (&)I . (4) 

F 

In Eq. (4), [ =  ( /3/2)fl ,  and Q = (1 + C)/C, where 

and 

while E(O), the field a t  x = 0, follows from Gauss 's  
law a s  E(0) = U ~ / E E ~ ,  where uM is the surface 
charge density on the metal s ide  of the metal- 
oxide interface. For the high-field approximation 
of interest here, and in particular for the c a s e  
of large E(O)/n(O), Eq. (4) reduces to the simple 
form 

The potential changes linearly with d i s t a ~ ~ c e  in 
the passive layer, and electrons are distributed 
exponentially with distance in a field determined 
largely by the excess  charges on the metal and 
solution s ides  of the interface. 

In order to approximate the experimental be- 
havior of the pass ive  iron system, several  addi- 
tional relations must be postulated. It may be 
assumed that electron transfer between the metal 
and the oxide layer is fast ,  and that this elec- 
tronic equilibrium poises  the potential difference, 

of the interface between metal and oxide. 
The equilibrium condition i s  given by 

where n(M) i s  the electron concentration in the 
metal and A ~ :  i s  the difference in the standard 
chemical potential of electrons in the two phases.  

In addition, a rapid exchange of oxygen spec ie s  
between oxide layer and solution po i ses  the 
potential difference, , between the pass ive  
film and the solution. The overall stiochiometry 
of th is  process i s  expressed by OH-(aq) = 02-(lat- 
t ice)  + Ht(aq), and the equilibrium condition is 
given by 

where k g  and k i  are rate constants for the forward 
and reverse s t eps  of the process,  C-(I) i s  the 
concentration of negative lat t ice ions a t  the outer 
interface (at x = I, where I is oxide-layer thick- 
ness) ,  and COH- = [OH-] is hydroxide-ion con- 
centration in solution. To account for the exis t -  
ence  of the transpassive region, two parallel  
reaction paths for dissolution of metallic ions  
a t  the oxide-solution interface may be assumed; 
both depend on the potential difference (which 
is constant because i t  is poised by the oxygen- 
exchange equilibrium), but one depends on the 
concentration of holes, p(l) ,  a t  the surface of the 
layer. The overall flux of the dissolution process  
i s  given by 

v ,  = k:ct(I) exp - \+ RT 

+ where kf and k are rate constants,  and ~ ' ( 1 )  i s  
I 

the concentration of lat t ice cations a t  x = I. The 
presence of a hole means that one of the chemical 
bonds in the lat t ice i s  weakened, and this  in- 
c reases  the probability of the associated anodic 
reaction. In the event that a significant concen- 
tration, C s ,  of reducible spec ie s  is present i n  
solution, the flux of electrons across  the oxide- 
solution interface because of the cathodic reaction 
is given by 

"e  
= kc cs . n(1) exp (- %F A+,) , (9 )  

RT 

where kc is the rate constant of the cathodic 
process.  

The net flux across  the entire interface i s  given 
by vN : v +  - ve (the difference in the fluxes of 



anodic and cathodic processes), the overall inter- 
facia l  potential difference, + i s  given by 
A t T  = Adhl + A+(l) + A d s ,  and C (0) = ~ ' ( 1 )  = 

C and C-(0) = C-(I) = C- because of the ab- 
sence of a concentration gradient of lattice ions 
in the high field. The preceding equations may 
be combined, using the well-known relation 
n(x) - P ( X )  = n; for the product of hole and electron 
concentrations, to  give 

anodic current to the change in the oxide-layer 
thickness. The forms of calculated and experi- 
mental transients agree well. Eqs. (4) and (5) 
show that A+([) approaches zero a s  the thickness 
of the passive layer approaches zero. If the 
Flade potential, represents the lower limit 
of existence of the oxide layer, the present quasi- 
equilibrium model predicts, on the basis of Eqs. 
(6) and (7), that the overall interfacial potential 

The predictions of t h i s  expressi~n coincide closely 
with experimental o b s e ~ a t i o n s  on passive iron. 
In the absence of a significant cathodic process, 
the net flux of current is essentially equal to the 
corrosion rate, which i s  given by the first two 
terms in Eq. (10). At low potentials, the second 
term is unimportant, and the corrosion rate is 
given by the potential-independent first term in 
the equation; this term corresponds to the cor- 
rosion rate in the passive region. The corrosion 
rate in the passive region increases with acidity 
according to the proper functional relationship, + + and the exponent as zs has a theoretical value 
which is close to that found experimentally.17 
At higher potentials, the second term in Eq. (10) 
begins to contribute significantly to the corrosion 
rate; this term represents the hole-catalyzed cor- 
rosion rate in the transpassive state. The ex- 
ponent a '. + - 1 ,  for the reasonable assumption 

P s~ + + that a + z +  '2 as z S ,  is a negative quantity such 
P P 

that the corrosion rate decreases with acidity 
a t  constant potential in the transpassive region, 
a s  found experimentally. 2 0  Oxygen evolution 
a lso  occurs on passive iron in the transpassive 
region,16 and probably proceeds by a hole mech- 
anism. In this case,  Eq. (10) would contain an 
additional potential-dependent term corresponding 
to the anodic reaction of oxygen evolution. 

The course of potentiostatic and galvanostatic 
transients on passive iron may be calculated from 
Eqs. (1) and (8) together with certain differential 
relations and conversion factors relating excess  

difference in this limit is given by Eq. (11). 
Because the corrosion reaction, 

st i l l  proceeds with the finite rate given by the 
first term of Eq. (10) even in the limit, this po- 
tential does not have thermodynamic significance 
with respect to stoichiometric reactions of iron 
and i t s  oxides. Since C - I [OH-] = K ~ / [ H + ] ,  

OH 
where Kw i s  the ionization constant of water, 
Eq. (11) predicts an K T / F  dependence of the 
Flade potential on pH, a s  found experimentally. 1 5  

Because of t h e  assumptions necessary to obtain 
expressions which reproduce the behavior of pas- 
sive iron, the model presented abovc i s  restricted 
in applicability to passive systems generally. 
However, the method of approach is capable of 
extension to more sophisticated situations. Spe- 
cific adsorption of anions and inhibitors undoubt- 
edly changes energy levels of surface s ta tes  at 
the oxide-solution interface, and these changes 
exert important effects on the distributions of 
particles and on reaction kinetics. , Such effects 
are not included in the present model, and further 
studies wi!l explore the consequences of including 
these and other factors in the theory. 



The Differential Capacity of the Electr ical  
Double Layer on Electrolytic lron 

in  Neutral and Acid Solutions 

D. H. ~ ~ a h r b i e r ~ ~  F. A. P o s e y  

T h e  corrosion of iron i n  sulfur ic  a c i d  solut ion 
is inhibi ted by the  addition of hal ide ions .30-33  
T h e  e f fec t iveness  of the  inhibi t ion i n c r e a s e s  i n  
t h e .  sequence ,  C1- < Br- < I-. S tud ies  on tran- 
s i e n t  and s teady-s ta te  polar izat ion charac te r i s t i cs  
of iron i n  t h e  p resence  of iodide ions ,  a s  well  a s  
d i rec t  measurements  using radioact ive t racers ,  
have  sugges ted  that  spec i f ic  adsorpt ion of t h e  
hal ide ion  is involved in t h e  mechanism of inhi- 
b i t i ~ n . ~ ~ - ~ ~  S ince  t h e  s t ructure of t h e  e lec t r ica l  
double l ayer  is s e n s i t i v e  t o  spec i f ic  adsorpt ion 
of anions,  measurements of t h e  different ial  c a -  
paci ty of i ron were made i n  order t o  provide ad-  
d i t iona l  information on t h e  nature of the  inhi-  
bition. 
. Electrolyt ic  iron, depos i ted  on platinum wires  

from concentrated FeC12 solut ion by a modification 
of t h e  method of ~ r a u e r , ~ ~  w a s  used  a s  the  e l e c -  
trode material.  Studies  were carr ied out  i n  solu-  
t ions  of t h e  an ions ,  C1-, Br-, I-, a n d   SO^^-. 
Differential c a p a c i t i e s  were measured b y  u s e  of 
a p u l s e  technique.  Rectnngulnr current p u l s e s  
1 0 0  p s e c  i n  duration were obtained by  u s e  of a 
s p e c i a l  circuit.  employing a f a s t  po ten t ios ta t  
("Wenking elektronischerpotentiostat") and a 
Tektronix p u l s e  generator. T h e  potential-time 
t ransient  obtained on appl icat ion of t h e  current 
p u l s e  w a s  observed on a Tektronix type 536 o s -  
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c i l loscope  a n d  recorded photographically. Dif- 
ferent ial  c a p a c i t i e s  were ca lcu la ted  from t h e  
experimental  observa t ions  by u s e  of 

where Cdi f f  is different ial  capac i ty ,  jpulse is t h e  
current dens i ty  of t h e  pu lse ,  and  (dV/dt)t+o is t h e  
in i t i a l  s lope  of the  potential-time t ransient .  

F igure .  7.11 s h o w s  t h e  variat ion of e lec t rode  po- 
t en t ia l  and  different ial  capac i ty  with time for  
unpolar ized i ron e lec t rodes  i n  a c i d  so lu t ions  of  
t h e  an ions  of interest .  In part,  i n c r e a s e s  of 
capac i ty  with time a r e  a s s o c i a t e d  with i n c r e a s e s  
i n  sur face  a r e a  b e c a u s e  of corrosion, a s  shown 
by electron microscopic examination. In general ,  
v a l u e s  of different ial  capac i ty  d e c r e a s e  i n  t h e  
sequence ,  H 2 S 0 4  > HC1 > HBr > HI; the  inhibi t ing 
e f fec t  of t h e  a n i o n s  i n c r e a s e s  i n  the  s a m e  se -  
quence. Many hours, o r  even days ,  a r e  required 
for t h e  at ta inment  of s t e a d y  s t a t e s .  

T h e  r e s u l t s  i n  Fig. 7.12 show tha t  the  e lec t rode  
po ten t ia l  and  different ial  capac i ty  of unpolar ized 
i ron a r e  near ly  independent  of t h e  iden t i ty  of t h e  
anion i n  neutral  solut ions.  Spec i f ic  d i f fe rences  
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Fig. 7.11. Time Variation of Differential Capacity 
and Electrode Potential of Electrolytic lron in Acidic 
Solutions; T = 2 5 O ~ ;  Helium Atmosphere. 
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arise, however, when the solution is made more 
acidic. The variation of electrode potential with 
pH is similar for all  the anions, while unique dif- 
ferences exist  in the behavior of the capacity. 
At constant acidity (1 N H2S04), the electrode po- 
tential and differential capacity of unpolarized 
iron change in characteristic fashion with halide ' 

ion concentration, a s  shown by the experimental 
results in Fig. 7.13. The electrode potential 
curves are quite similar for all  three anions, but 
the behavior of the capacity depends markedly on 
the nature of the anion. 

T h e  effect of additions of iodide ion on the dif- 
ferential capacity of electrolytic iron in 1 N 
H2S04-  i s  shown in Fig. 7.14 a s  a function of 
electrode potential. In the absence of iodide ions, 
the corrosion rate is large, and the potential 
region accessible for measurements of capacity is 
limited by the current capacity of the apparatus; this 
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region increases  considerably in the presence of 
iodide ions. At low iodide-ion concentrations, a 
sharp minimum of capacity is observed in the vi- 
cinity of -320 mv vs  N. H. E.; th is  potential i s  ap- 
proximately 50 mv positive to the potential of the 
electrocapillary maximum on iron in H ~ S O ~ .  38 For 
higher iodide concentrations, the width of the 
minimum increases,  and the minimum capacity 
becomes lower. Low capacit ies of the order of 
magnitude observed here are associated with 
specific adsorption of anions, in th is  c a s e  I-, 
a s  observed frequently in other ~ ~ s t e m s . ~ ~ - ~ '  

a t  potential of unpolarizability" (EU) observed by 
Heusler  and ~ a r t l e d ~ e ~ ~  in  the anodic polariza- 
tion curve of iron inhibited by iodide ions. These  
authors postulated that iodide ions, which are 
responsible for inhibition a t  potentials  below 
EU, are desorbed by an electrochemical corrosion 
mechanism a t  EU. The present  measurements 
confirm th is  interpretation; values of EU cor- 
respond closely to the beginning of the desorption 
peaks. 

Corresponding to each iodide-ion concentration, 
the capacity increases sharply on the anodic s ide  
of the  minimum; this rise marks the beginning of 
a peak in capacity due to the desorption of iodide 
ions  from the electrode surface. The  vertical 
arrows in  Fig. 7.14 show the posit ions of the 
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8. Nonaqueous Systems a t  High Temperature 

Electrical Conductivity of Solutions of Metals L a  and Ce  than Nd. This  is in agreement with 
in Their Molten Halides the results  of a study of the phase diagrams, in 

which the formation of a metallic solid Pr12 
H. R. Bronstein A. S. Dworkin 

M. A. Bredig 

The  study of the  electrical conductivity of metal UNCLASSIFIED 
ORNL-LR -DWG.70!25 

solutions in molten salts continued to yield re- 
su l t s  that  can be interpreted in terms of a variety 12 
of electronic and molecular structures. 

Praseodymium in Praseodymium Trichloride.' - 11 
Figure 8.1 shows the behavior of Pr  solutions to 
be, a s  expected from the  phase  diagram,2 inter- 10  
mediate between that of L a  (or Ce) and Nd solu- 
tions, d iscussed previously.3 The dissolution of 

9 
L a  (or Ce)  and of Nd in their trihalides may be 7 

represented by the two very different mechanisms, EY - 8 L a  + ~ a ~ '  + 3e-  and Nd + 2Nd3' + 3Nd2', re- 
'E r 

spectively.  The mechanism in the  c a s e  of P r  is 0 

likely t o  be  a mixed one - in other words, to cor- ; 
respond t o  an equilibrium p r 2  ' pr3  + e -  or to 5 
a stabil i ty of the  pr2' ion intermediate between 6 

the  unstable ~ a ~ '  and the s t ab le  Nd2'. 3 
0 

The  specific conductivity of molten PrC13 be- 5 
(3 

tween 800 and 860°C is given by the equation U 
K = - 1.189 + 0.75 x l ~ - ~ t .  k 4 

0 
Rare-Earth Metals in Rare-Earth ~ r i i o d i d e s . ~  - 

w a 
Figure 8.2 shows the specific conductivity in  the cn 3 
sys tems La-La13, Ce-Ce13, Pr-Pr13, and Nd-NdIj. 
As  in  the  chloride systems, P r  occupies an inter- 2 
mediate position but resembles somewhat more 

1 

' ~ u m m a r ~  of paper by A. S. Dworkin, H. R. Bronstein, I 1-1 
and M. A. Bredig, 1. Phys. Chem. 66, 1201 (1962). 5 

- 
(0 45 2 0  25  30 

'J. D. Corbett and associates, A m e s  Laboratory. 
private communication. 

MOLE PER CENT METAL 

3 ~ .  S. Dworkin, H. R. Bronstein, and M. A. Bredig, 
Discussions Faraday Soc. 32. 188 (1961). Fig. 8.1. Specific Conductivity of Solutions of Rare- 

*work done at ORNL in cooperation with J. D. Corbett Earth Metals in Their Molten Trichlorides, as Compared 

and R. Sallach of the Ames Laboratory. with K in KCI. 



similar to metallic La12 and Ce12, and dist inct  
from nonmetallic'Nd12, has  been e ~ t a b l i s h e d . ~  

If one considers that the equivalent volumes of 
the rare-earth metal solutions are not very dif- 
ferent from that  of K-KI, then Fig. 8.2 a l so  implies 
that the equivalent cor~ducta~rcr  of tlrr arrtal in 
the rare-earth systems is much smaller than in the 
K-KI system. This  difference can be interpreted 
semiquantitatively if i t  is assumed that electronic 
conductance in metal-molten sa l t s  solutions is 
proportional not only to the concentration of mo- 
bile electrons but a l so  to the concentration of the  
cations between which the electrons are being 
exchanged.' One equivalent of rare-earth metal- 
s a l t  solution contains only one-third the number 
of cations that  one equivalent of a solution of K 
in KI of equal metal concentration contains. 

With the entropies of fusion d iscussed in another 
section of th is  chapter ( s ee  "The Heat of Fusion 
of Alkaline-Earth and Rare-Earth Metal Halides"), 
the melting-point depressions produced by small 
additions of rare-earth metals to the corresponding 
trihalides (taken from the M-MX3 phase  diagrams 
of Corbett and co-workers, Ames Laboratory) can  
be used to derive values of n in the formula 

representing the number of moles of foreign par- 
t ic les  produced in the solution (molten trihalide) 
by one mole of the solute (metal). Th i s  number 
n was found to hnve the values 2.45 and 2.65 for 
the LaC13-La and CeC13-Ce systems,  and 3.1 and 
3.0 for the PrC13-Pr and NdC13-Nd systems. In 
the latter, n n?: 3 results  from the dissolution reac- 
tion 1M + 2h13' + 3 ~ 4 ~ ' .  In the former two sys- 
tems, the conductivity measu re~~r ra t s  indicate 
1 M  ' M3' + 3e-, also requiring n = 3. The devia- 
tion in n from 3, conceivably due to the formation 
of solid solutions of L a  and Ce metals  in their 
trichlorides, needs further examination. In the 
iodide systems,  n a lso  approximates 3 a t  infinite 
dilution of the metal. 

- 

5 ~ .  D. Corbctt et al., Discussions Fasaday Soc. 32. 
79 (1762). 

'M. A. Bredig, Journal of Chemical Physics,  i n  press 
(July 1962). 
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Fig. 8.2. Specific Conductivity of Solutions of Rare- 

Earth Metals in Their Molten Triiodides, as Compared 

with K in K I .  

Electron Exchange in Molten Mixtures of Di- 
valent and Trivalent Rare-Earth Halides. - A 
positive deviation from additivity in the conduct- 
ance  of mixtures of NdC13 with NdC12 had been 
tentatively interpreted3 a s  reflecting an electronic 
contribution from an  electron exchange between 
~ d ~ +  and ~ d ~ '  ions  (with a maximum in that  con- 
tribution a t  50 mole %) corresponding to propor- 
tionality of the deviation effect to the product of 
the concentrations of the two ions,  

To further examine th is  effect and i t s  interpreta- 
tion, the system Nd13-Nd12 was studied, where 
greater polarizability of the iodide was expected 
to facil i tate such an  exchange. Indeed, the posi- 
tive deviation was found to be enhanced to the 
extent of yielding a maximum in the curve of 
specific conductance v s  composition. However, 



a few cases  of positive deviation in systems with 
assuredly merely ionic conductance are known 
(MgC12 with CaC12 or BaC12, and CdC12 with 
PbC12). Thus i t  seemed necessFry to support the 
electronic explanation for NdX3-NdX2 by evidence 
showing that systems NdX3-MX2 containing an 

ion M in s ize  similar to ~ d ~ + ,  such a s  s r2+ ,  but 
incapable of supplying an electron to ~ d ~ +  do 
not exhibit a positive deviation from additivity. 
Figure 8.3 demonstrates that th is  is indeed the 
c a s e  for the systems NdC13-SrC12 and Nd13-Sr12, 
and thus may be  considered a s  a t  least  indirect 
support for the assumption of a small electron- 
exchange contribution to the otherwise ionic con- 
duction in  the NdX3-NJX2 systems. 

UNCLASSIFIED 
ORNL-LR-OWG.70479 

20 40 60 8 0  20 4 0  6 0  80 
MOLE PER CENT DlHALlOE 

Fig. 8.3. Specific. Conductivity in NdX3-NdX2 and 
NdXg-SrX2 Melts. 

Alkaline-Earth Metals in Alkaline-Earth Di- 
halides. - The decreasing rate of increase in 
conductivity on addition of calcium metal to 

. molten calcium chloride had been interpreted in 
terms of the increasing pairing of electrons with 
increasing metal concentration to form Ca2 2 + 

ions,3 analogous to Na2 molecules assumed pre- 
' viously in the Na-NaX systems. Similar observa- 

tions are reported in Fig. 8.4 for the systems 

UNCLASSIFIED 
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Fig. 8.4. SPaclfic Cnndl~ctivity nf Snlutinns nf Alkn. 
line-Earth Metals in Their Molten Dihalides, as Com- 
pared with K in KCI. 

Ca-CaBr2, Ca-Ca12, and Sr-SrBr2. The much 
stronger curvature for the latter solutions at 700° 
compared with that for Sr-SrC12 a t  910° may be 
due to the greater stability of ~ r ~ ~ +  ions a t  lower 
temperature. However, confirmation of these re- 
sults may be required, because a slight instability 
that developed during the latest  measurements 
needs further study. 

The assumption of electron pairing with in- 
creasing metal concentration implies that at mod- 
erate concentrations the molecule ions do not 
contribute electronic conductance. It also implies 
that a t  infinite dilution or a t  low concentration 
the Jissulved ,alkaline-eartll llltttal is dissociated 
according to M + M ~ +  + 2e-, giving a cryoscopic 
n = 2. According to measurements, a t  both ORNL 
and the Imperial College,  ond don,^ of the de- 
pression of the melting point of CaC12 by Ca, in 

-- - -- 

7 ~ .  Stnffansson, J. W. Tomlinson, and F. D. 
Richardson, personal communication (Ph.D. thesis). 



conjunction with t h e  calorimetric entropy of fusion 
of CaC12, n is indeed near  2. I t  w a s  thought3 to  
b e  a l s o  ind ica ted  by the  l iquidus d a t a 7  i n  t h e  
c a s e  of '  SrC12-Sr, but an erroneous entropy of 
fusion of 7 e u  w a s  u s e d  for S K I 2 .  T o  again 
reconc i le  the  theory tha t  n = 2, for Ss - s r 2  + + 2e-, 
with the new, calor imetr ical ly  measured,  much 
lower entropy va lue  of 3.39 eu,  it s e e m s  nec- 
e s s a r y  t o  connect  the  observed melting-point de- 
p ress ion  with the  p o s s i b l e  formation of so l id  
so lu t ions  of Sr i n  SrC12. S K I 2  p o s s e s s e s  the  
C a F 2  type of c rys ta l  structure. Both C a F 2  and 
SrC12 have  ac tua l ly  been reported8 t o  d i s s o l v e  
la rge  amounts  of metal  in  s o l i d  solut ion a t  high 
temperatures. If confirmed, t h i s  would permit 
interpretation of t h e  melting-point d e p r e s s i o n s  of 
C a F 2  and SrC12 by low concentrat ions of metal  
i n  terms, a l s o ,  of the  ionizat ion of the  d i sso lved  
metal  according to M ' M2 + + 2e-, ra ther  than 
i n  terms of M~~ + molecule ions.9 

Elec t r ica l  Conductivity and Formation of Complex 
Ions i n  Cadmium-Potassium Chlor ide Me l ts  

H. R. Bronstein M. A. Bredig 

Elec t r ica l  conduct ivi ty  h a s  been u s e d  among 
o ther  propert ies  a s  a criterion for t h e  formation 
of complex i o n s  i n  ion ic  melts.  In CdC12-KC1 

- 
mixtures, t h e  formation of CdC13 , c d c l q 2 -  and 
C ~ C I ~ "  h a s  been  suggested.  ~ o r o s o v n , ~ '  i n  
the  temperature range 440 tu 50O0C, found a 
surpris ingly sharp minimum i n  the  s p e c i f i c  con- 
duc tance  of CdC12-KC1 mixtures .  a t  a mole ratio 
of 1KC1:1CdCl2 (Fig.  8.5) a n d  at t r ibuted i t  to  - 
t h e  formation of CdC13 ions. Bloom and  
Heymann,l l  on  t h e  other  hand, observed,  a t  tem- 
pera tures  of 570°C and  above,  t h e  d e c r e a s e  i n  
spec i f ic  conduct ivi ty  with KC1 concentrat ion in  
t h i s  concentrat ion region to c o n t i n ~ ~ e  to more than 

*E. Mollwo, Nachr. Akad. Wiss. Goeffingen, Math.- 
Physik. Kl., lla. Math.-Physik-Chem, Abf. 1934(1) 79. 

9 ~ .  S. Rogers, J. \V. Tomlinson, and F. D. Richardson, 
p 909 in Physical Chemistry of Process Metallurgy, 
Interscience, New York, 1961. 

''1. P. Tarasova, Zh. Fiz. Khim. 21, 825 (1947). 
discussed in Electrochemisfry of Fused Salfs, by IU. K. 
Delimarskii and B. F. Markov, English translation, 
Sigma Press, Washington, D.C., 1961. 

"H. Bloom and E. Heymann, Proc. Roy. Soc. (London) 
A188, 392 (1947). 

UNCLASSIFIED 
ORNL-LR-DWG 70265  

2.0, I I I I I I I I I 

Fig. 8.5. Specific Conductivity of Molten CdCI2-KC1 

Mixtures. 
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BLOOM AND HEYMANN 
------ TARASOVA - 

6 5  mole % KC1, with some indicat ion t h a t  a t  lower 
temperature t h e  d e c r e a s e  would cont inue t o  e v e n  
s l ight ly higher  KC1 concentration. T h e s e  l a t t e r  
da ta ,  i n  conjunct ion with a new interpretat ion of 
Raman spec t ra ,  h a d  been taken t o  s u g g e s t  t h e  - 
formation of i o n s  rather  than CdC13 
ions ,  which were thou ht to  be  unl ikely a l s o  on  
theoret ical  grounds. 12.83 

In view of t h e  discrepancy between t h e  d a t a  of, 
Bloom and Heymann and  those  of T a r a s o v a  - t h e  

'E 
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l a t t e r  being s u s p e c t  for  the  very s h a r p n e s s  of 
t h e  minimum - a s e r i e s  of measurements  of t h e  
e lec t r ica l  conduct ivi ty  of CdC12-KC1 mixtures  w a s  
carr ied o u t  a t  460, 500, and 570°C with a n  appa- 
r a t u s  descr ibed  elsewhere.14 F igure  8.5 s h o w s  
good agreement  of t h e s e  measurements  with t h o s e  
of Bloom and  Heymann, and  n o  t r a c e  of a minimum 
a t  the mole rat io  1KC1:lCdCl2. Rather ,  t h e  
dec l ine  i n  spec i f ic  conductivity con t inues  t o  t h e  
vicini ty  of the  KC1 concentrat ion a t  which so l id  
KC1 prec ip i ta tes ,  near  70 mole % KC1. T h e  

\ \ - THIS INVESTIGATION 

\ \ 
- \ \ - 

\, '. 
\ \ - \ - 

\ \ \  
600°C 

k , , 570° 

'2 \ 

I I I I ' 1460' 1 

minimum i n  equ iva len t  conductance c a l c u l a t e d  
with d e n s i t i e s  from the  literature1' s h i f t s  with 

0 1 0  2 0  3 0  4 0  5 0  6 0  7 0  80 
MOLE KC1 

1 2 ~ .  A .  Bredig and E. R. Van Artsdalen, J. Chem. 
Phys. 24, 478 (1956). 

1 3 ~ .  A. Bredig, Electrochim. Acfa 5, 299 (1961). 

14capillary cel l  method, modified from that described 
by H. R. Bronstein and M. A. Bredig, J. Am. Chem. 
SOC. 80, 2077 (1958). 

"R. Lorenz and H. Adler, 2. anorg. u. allgem. Chem. 
172, 372 (1728). 



the increasing temperature to mole rat ios lower 
than 2KC1:1CdCI2. Th i s  may b e  taken to reflect 
the increasing dissociat ion of the ~ d ~ 1 ~ ~ -  com- 
plex. 

An analys is  of measurements by Russ ian  in- 
vest igators 16*17 of the emf of the formation of 
CdX2 in molten mixtures of CdC12 with KC1 and 
of CdBr2 with KBr showed the results  of these  
measurements a l s o  to favor the  assumption of 
c d x 4  2-  complex ions.  18 

The Heat of Fusion of Alkaline-Earth 
and Rare-Earth Metal Halides 

A. S. Dworkin M. A .  Rredig 

Hea t s  of fusion of the alkaline-earth and rare- 
earth metal halides are of considerable interest  
in connection with the interpretation of the phase  
equilibria and electr ical  conductance measure- 
ments in metal-metal halide systems. Since very 
few calorimetrically measured values are available 
in the literature, the hea t s  of fusion of some 
chlorides and iodides of lanthanum, cerium, pra- 
seodymium, and neodymium, a s  well a s  of al l  of 
the chlorides, bromides, and iodides of calcium, 
strontium, and barium, have been measured. 

The  copper-block drop calorimeter used for the 
measurements and the experimental procedure have 
been described in detail previously. l 9  

The  resnl t s  a re  shown in Table  8.1. The  en- 
tropy of fusion, AS,, for LaC13, PrC13, and NdC13 
is essential ly constant and very similar to the 
ASm for CeC13, 11.7 eu, reported by Walden and 

The entropy of fusion of Ce13 and Pr13 
i s  sl ightly higher than that  of the  chlorides, while 
Nd13, distinguished above i t s  transition tempera- 
ture by a different crystal  structure from Ce13 and 
Pr13, h a s  an entropy lower than that for the ocher 

I'M. F. Lantratov and T. N. Shevlyakova, j. Appl. 
Chem. USSR (English Transl.) 34, 1017 (1961). 

17M. F. Lantrarov and A. F. Alabyshev, j. Appl. 
Chem. USSR (English Transl.) 26, 353 (1953). 

"M. A. Bredig. Journal of Chemical Physics, July 15. 
1962 (in press). 

1 9 ~ .  S. Dworkin and M. A. Bredig, 1. Phys. Chem. 
64. 269 (1960). 

iodides by an amount approximately equal to the 
entropy of the transition taking p lace  in the solid 
s t a t e  approximately 200°C below the melting 
point. 

Since the alkaline-earth metal halides p o s s e s s  
a variety of crystal  structures, they do not exhibit 
the simple regularities in AHm and ASm apparent 
in the alkali-metal halides.' However, SrBr2 and 
BaC12, with transitions just below their melting 
points, and SrC12, which h a s  a C a F 2  type of struc- 
ture, have unusually low entropies of fusion. 
(Calcium fluoride a lso  has  an unusually low ASm 
of 4.2 eu.21 High-temperature x-ray studies to 
confirm that SrBr2 and BaC12 a lso  have the C a F 2  
type of structure a t  their melting points, a s  sug- 
gested by the low entropics of fusion, will be  
initiated.) 

Table 8.1 a l so  shows considerably larger heat  
capacit ies,  for solid SrC12 and the high-temperature 
modifications of SrBr2 and BaC12, which are a lso  
formed with a rather large heat of transition. Th i s  
may support the  assumption that the low entropies 
of fusion of these  compounds are connected with 
relatively high entropies of the solids,  probably 
due to considerable disorder in connection with 
the special  geometry of thc fluorite type of struc- 
ture, in which lattioc vnsancies equal i r ?  size  
and number to the s i t e s  occupied by the cations 
occur. 

Calcium iodide, with i t s  layer-type structure, 
has  a ASm much higher than that of any of the 
other alkaline-earth halides reported here. It thus  
resembles the cadmium dihalides (excluding the 
fluoride) of similar layer-type crystal structure 
(AS,,, = 7.5 to 9.5 eu). 

The heat of fusion of only one of the compounds 
in Tablc 8.1 had been measured calorimetrically 
by other investigators. Moore's value of AHm for 
CaC12 of 6.78 kca122 is in agreement with that  
reported here. 

2 0 ~ .  E. Walden and D. F. Smith, U.S. Bur. Mines, 
Rep!. Iwurst. No. 5559 (1361) (4 pp). 

2113. F. Naylor, j. Am. Chem. Soc. 67, 150 (1945). 

2 2 ~ .  E. Moore, J. Am. Chem. Soc. 65, 1700 (1943). 



Table 8.1. Heot Capacity and Heat and Entropy of Fusion and Transition of Some Alkaline-Earth 

and Rare-Earth Metal Halides 

H ~ m ( s o l i d )  - Structure 
Metal Tm C Solid 

P 
C Liqcid 

P H298 bm bm T t ~  &tr A% Type, 
Halide (OK) (cal mole-' deg-l) (cal mole'' deg-l) (hal mole-l) (kcal inole-') (eu mole-') (OK) (kcal mole") (eu mole-') 

250c 



9. Chemical Physics 

MICROWAVE A N D  RADIOFREQUENCY 
SP ECTROSCOPY 

Paramagnetic Resonance Equipment 

Ralph Living ston R. W. Holmberg 
Henry Ze ldes  

Practically a l l  our equipment was altered, new 
equipment was purchased, and additional labora- 
tory space was obtained. An 8-in. electromagnet 
was modified by placing i t  on a rotating base so 
that i t  will be more suitable for studying anisot- 
ropy effects in single crystals. A new 12-in. 
magnet with power supply was purchased and put 
into operation. 

A new 9000-Mc spectrometer using a microwave 
bridge was assembled. l l i s  spectrometer includes 
automatic frequency control. A cavity and con- 
version kit  was purchased from Varian Associates, 
and this  spectrometer may now be operated a s  a 
100-kc field-modulated instrument with greatly 
enhanced sensitivity. Flexibility was retained so 
that the spectrometer may easily be converted to 
other types  more suitable for certain studies. 

A simple spectrometer using a transmission 
cavity and operating a t  23,000 Mc was built. The 
cavity islocated inside a dewar and may be cooled 
with liquid nitrogen, with provision for pumping on 
the nitrogen in order to obtain a lower temperature. 
A tube connects from the cavity to outside the 
dewar s o  that samples may be easily changed. This 
tube connects from the top of the cylindrical 
cavity operating in the TE, !, mode. The coupling 
i r ises  are  located on the s ldes  of the cavity and 
wave-guide feed is used. The Q i s  high, and good 
sensitivity i s  obtained for th is  simple type of 
spectrometer. 

Considerable progress was made in designing 
and building equipment for working with liquid 
helium. The design centers about a new micro- 

wave cavity, which is a reflection type operating 
a t  9000 Mc. There will be provision for introducing 
and withdrawing samples while the cavity is at the 
low temperature. 'l'his means that there will be a 
vertical tube connecting from the top of the cavity 
to the outside of the dewar containing the cavity. 
The tube leaves very little remaining space on top 
of the cavity for making a connection to the micro- 
wave transmission line. Although there is enough 
space for a coaxial cable, earlier work showed a 
cable to be unsatisfactory for a reflection cavity 
because of severe reflections from the cable itself. 
Al'so, a variable and cxtcrnnlly adjustable coupling 
to the cavity i s  desirable. A new design was elec-. 
trically tested a t  room temperature and found to wdrk 
very wel l .  The cavity i s  a .rectnngillar qrpe fed from 
a wave-guide transmission line. Coupling with the 
electric vector is made from the broad side of the 
cavity, and a post with variable insertion is located 
at the i r is  (X/4 from tile en11 of the cavity) so that 
the coupling may be varied. Both TE l o  and TE 
cavities have been tested. The latter have far 
higher Q's and are far superior even though the 
sample is located a t  the cavity wall, where maxi- 
mum oscillating magnetic field i s  not found. Tlle 
electrical t e s t s  were sufficiently gratifying to now 
warrant the construction of the final cavity. 

This equipment was used to examine and reexam- 
ine a number of systems. For example, each of the 
three l ines1 from NO2 in irradiated NaN02 is now 
found to be slightly split into quadruplets w11e11 the 
magnetic field is parallel to the b crystallographic 
axis. This  splitting i s  al.most certainly due to a 
neighboring ion of sodium (I = 3/29, which inter- 
ac t s  most strongly with a p lobe from NO2 just for 
this direction. Other studies are described in 
more detail in other sections of this report. 

' ~ e n r ~  zeldes and Ralph Livingston,  Chern. Div. 
Ann. Progr. Rept. June 20. 1961, ORNL-3176, p 78. 



A Paramagnetic Resonance Study of Irradiated 
Potassium Nitrate 

Henry Zeldes Ralph Livingston 

In the l a s t  annual report2 the parameters of a 
spin Hamiltonian characterized by a g-tensor and 
a nitrogen hyperfine coupling tensor were reported 
for a paramagnetic species in gamma-irradiated 
K N 0 3  at  7 7 O K .  This species was identified a s  
N O 2 ,  since the traces of the tensors agreed well 
with those for N O 2  studied previously3 in garnma- 
irradiated N a N 0 2 .  There were significant differ 
ences in the individual principal values for N O 2  
in the two salts,  which indicated that N O 2  in 
K N O  is experiencing motional effects a t  77'lC4, 

3 
and i t  was suggested that the motion i s  torsional 
oscillation of N O 2  with large amplitude. Since 
then, calculations were made for a model of tor- 
sional oscillation and for a model of rapid reori- 
entation of N O ,  in n nitrate ion vacancy. Thc 

L 

former model was rejected since the equilibrium 
position of N O 2  did not seem sensible. The model 
of rapid reorientation explains the findings very 
satisfactorily. It is assumed that N O 2  rapidly 
reorients between two mirror-related s i t e s  in an 
anion vacancy. Good agreement with the observed 
tensors was obtained by assuming that the princi- 
pal values appropriate for stationary N O 2  are the 
values measured in irradiated N a N 0 2  and that the 
atoms of N O 2  in K N 0 3  occupy positions which are 
close to the correspor~ding atom positions for the 
nitrate ion. This interpretation has  been prepared 
for publication. 

In previous work on K N 0 3  i t  was found4 that a 
good yield of N O 2  was formed upon gamma irradia- 
tion a t  7 7 O K  if a small amount of K N 0 2  was co- 
crystallized with the K N O J .  On the other hand, 

, p u r e _ K N O  gave essentially no NO2 upon irradiar a tion a t  77 K .  However, a good yield of N O 2  wns 
obtained from pure K N O  if i t  was first irradiated 

3 
a t  7 7 O K  and then warmed to room temperature and 
finally reirradiated a t  7 7 O K .  These results suggest 
that N O 2 -  is the precursor for N O 2  and are con- 

'Henry Z e l d e s ,  Chem. Div.  Ann. Progr. Rep t .  J u n e  
20,  1961,  ORNL-3176, p 77. 

3 ~ e n r y  Z e l d e s  and Ralph  L i v i n g s t o n ,  J .  Chem. P h y s .  
35, 563 (1961). 

h e n r y  Z e l d e s ,  P r o c e e d i n g s  of the  First  International 
Conference  on Paramagne t i c  R e s o n a n c e ,  Israel ,  J u l y  
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sistent with the well known fact that nitrite is a 
major product of the room-temperature irradiation of 
K N 0 3 .  In order to explore this interpretation 
further, additional experiments were made. 

A crystal of K N 0 3  containing K N  "0  (95% N I 

was studied. An examination of the N O 2  spectrum 
formed after gamma irradiation a t  7 7 O K  clearly 
showed that there was no isotopic exchange be- 
tween N O 2 -  and N O 3 -  and that all observed N O 2  

must have come from N O 2 - .  Additional experi- 
ments consisted of showing that N O 2  could also 
be prepared from pure K N O  by carrying out the 

3 
first irradiation at room temperature (where N O 2 -  

is known to be a product) followed by irradiation 
a t  7 7 O K .  With new, more sensitive equipment a 
search was a lso  made for N O 2  in pure K N 0 3  after 
a single irradiation a t  7 7 O K .  The amount of N O ,  

formed was a t l eas t  two orders of magnitude smaller 
than that produced in crystals containing K N O  

1' 
These results are being submitted in greater detall 
for publication elsewhere. 

A number of other features of the spectra formed 
in irradiated K N O  are being examined. In addition 

3 
to N O 2  a variety of other species is present, and 
their relative abundances are found to vary with 
the nature of the sample, previous irradiation his- 
tory, heat treatment, etc. A triplet of very sharp 
closely spaced l ines has  been observed which 
under some conditions may be made very intense. 
These l ines mightresult from N O 3 .  Final measure- 
ments are being started. 

A Paramagnetic Resonance Study of Irradiated 
Hydrogen Peroxide 

Ralph Living ston R. W. Holrnberg 

Some years ago preliminary work was describedS 
on irradiated-sinzle crystals of essentially 100% 

H 2 0 2 .  Gamma irradiation a t  7 7 O K  gave rise to a 
spectrum of very closely spaced lines, not com- 
pletely resolved, which persisted even after warm- 
ing to much above dry-ice temperature. A com- 
pletely different spectrum was obtained by 
ultraviolet irradiation a t  low temperatures. This  
spectrum disappeared with first-order kinetics 
with a half-life of a l i t t le over an hour at 7 7 O K  

'Henry Z e l d e s ,  Ra lph  L i v i n g s t o n  and R .  W .  Holmberg,  
Chem. Div.  Ann. Progr. Rep t .  J u n e  20,  1957. ORNL- 
2386, p 129. 



and with an activation energy of 5 kcal/mole. 
Both spectra were anisotropic, but that formed by 
ultraviolet irradiation had larger overall separations 
and offered the greater possibility of being unrav- 
eled. , I t  was pointed out that the species formed 
by ultraviolet irradiation might also be formed by 
gamma rays and might be observable if a gamma 
irradiation at a lower temperature or higher gamma 
intensity were used. 

In the preliminary study the great multiplicity 
of l ines  was troublesome. Hydrogen peroxide is 
tetragonal, with four molecules in the unit cell. 
In general a paramagnetic species will give rise 
to eight l ines or groups of l ines  which simplify 
to fewer lines for special orientations of the 
crystal in the magnetic field. Even for these 
special  orientations the number of components in 
the spectra seemed excessive, and i t  appeared 
that "forbidden" transitions (environmental proton 
flips) and perhaps resolved dipolar interactions 
were present which would account for a large 
number of lines. To aid in unraveling the spectra 
it was decided to make measurements a t  23,000 
Mc a s  well a s  a t  9000. These measurements are 
under way, and the present account is sti l l  pre- 
1iluill.a~-y. 

The familiar ultraviolet-produced spectra have 
now been seen in a 9000-Mc spectrometer using 
100-kc field modulation. After storage of photo- 
lyzed samples a t  77PK the ultraviolet-producqd 
species  disappears, in keeping with early obsenra- 
tions, but an entirely new spectrum appears which 
is quite distinct from that produced by ultraviolet 
and from that produced in the earlier work by gamma 
rays. If the sample is next warmed to dry-ice 
t'emperature, the new spectrum changes and appears 
to become the same a s  that formed by gamma rays. 
Thus three distinct types of spectra have now 
been seen, which suggests that three different 
species  are formed but does not prove i t  since the 
same species in different environments could give 
r i se  to different spectra. 

For two orientations of the ultraviolet-irradiated 
crystal a correspondence of the 9000 and 23,000 
Mc spectra has  been noted. This should help 
sort out those Line spacings arising from hyperfine 
internction s. 

Paramagnetic Resonance of l rradiated 

Chlorates 

R. W. Holmberg 

The irradiation of potassium and barium chlorates 
with gamma rays produces a large number of para- 
magnetic centers, some of which show hyperfine 
structure characteristic of chlorine nuclei. Atten- 
tion was focused on one species  found in KClO 

3 
which was tentatively identified a s  C102. Meas- 
urements of the hyperfine splittings in two of the 
crystallographic planes of KClO were made, and 

3 
some observations were made in a third. The l ine 
separacio~ls are s i u l ~ ~ l ~  a r~ i  sutruyic. LI the uv 

plane near the a axis, the four ~ 1 3 5  hyperfine 
l ines are about equally spaced and reach their 
maximum separation of about 225 Mc. At direc- 
tions normal to the a axis, the l ines are no longer 
equally spaced; the hyperfine multiplet shows an 
overall spacing of about 120 Mc. In this region 
"forbidden" l ines are also seen, and line inten- 
s i t ies  show pronounced ani sotropy. This indicates 
the presence of a rather strong quadrupole inter- 
action in addition to the magnetic hyperfine inter- 
action. 

Thc observed 3pliteingo arc in good agreement 

with the magnetic hyperfine parameters deduced 
from microwave rotational spectra of C102 (ref 6). 
Further, from the direction a t  which the maximum 
scparntion of hyperfine l ines occurs, one can, 
with some assurance, speculate that the C102 
radical is trapped in a C103- vacancy in the 
crystal. 

Because of the strong quadmpole interaction i t  
is not possible to fit the data to explicit solutions 
of the spin Hamiltonian obtained from perturbation 
theory. A program was written for the IBM 7090 
computer to solve the Hamiltonian numerically. 
Energy levels, transition energies, and relative 
transition probabilities are computed a s  a function 
of magnetic field strength and direction for assumed 
values of the magnetic and quadrupole hyperfine 
tensors. Trmsition energies are then compared 
with those obtained experimentally. Difficulties 
have arisen because of the large number of inde- 
pendent parameters that must be specified to 

6 ~ .  F. Curl, Jr., et al., Phys. Rev. 121, 1119 (1961). 



define the system. Even if the g tensor i s  assumed 
to be isotropic there are 11 independent para- 
meters. If the simplifying assumption is made 
that the quadrupole and magnetic hyperfine tensors 
are parallel, this number i s  reduced to eight. Since 
these assumptions are in reasonable accord with 
the experimental data, h e y  formed the basis of 
the initial computations. To date, however, a 
satisfactory fit to the data has not been obtained. 

If Ba(C103)2.H20 i s  irradiated with gamma rays 
at77OK and then warmed to room temperature, most 
of the paramagnetic centers formed at  the low 
temperature disappear. A species containing a 
single chlorine atom grows in. Detailed measure- 
ments of this spectrum were made a t  room tempera- 
ture. The hyperfink splittings are of similar mag- 
nitude and anisotropy to those ascribed to C102 
above, and intensity anisotropies and forbidden 
lines are also seen. It would appear that this 
species i s  also C102, but this characterization is 
by no means definite. 

N EUTRON AND X-RAY Dl  FFRACTION 

A Neutron Diffraction Study of Chloral 
Hydrate 

G. M. Brown H. A. Levy 

Chloral hydrate, CC13CH(OH)2, i s  an interesting 
subject for crystal-structure analysis because of 
the rarity of stable compounds having two hydroxyl 
groups attached to a single carbon atom. Spectro- 
scopic study has  confirmed the conclusion from 
chemical evidence that the chloral hydrate mole- 
cule contains single carbon-oxygen bonds - that 
i s ,  that chemical reaction does occur when the 
hydrate is formed from chloral and water - but i t  
has not supplied any reliable information about 
the hydrogen bonding that i s  probably important 
in stabilizing the compound. A crystal-structure 
analysis by neutron diffraction was undertaken in 
this laboratory to determine the details of the 
molecular structure and hydrogen bonding. The 
only previously reported structure analysis, ' by 
x-ray methods, is clearly completely unreliable. 
.4pplication of the neutron method i s  appropriate in 
this case  because a major object is precise loca- 

's. Kondo and I. Nitta, X-Rays, Japan 6, 53 (1950), 
cited in Structure Reports 13, 448 (1950). 

tion of the hydrogen atoms, which cannot be done 
by x-ray methods. 

Crystals of chloral hydrate are monoclinic, of 
space group P21/c, with a = 11.464, b = 5.985, 
c = 9.687 A, /3 = 120° 43: and four molecules per 
unit cell. The parameters reported here were 
derived by the method of leas t  squares from meas- 
urements of diffraction angles on the Oak Ridge 
three-dimensional automatic crystal orienter. They 
are believed to be reasonably accurate but are 
subject to check by x-ray methods. 

Within the range of the neutron instrument (maxi- 
mum 20 = 111°) for the wavelength now employed 
(about 1.08 A) there are about 2150 nonequivalent 
reflections of chloral hydrate accessible to meas- 
urement. Each one of these was measured a t  
leas t  once; many were measured two or more times. 
Three crystal specimens of weight 29, 6, and 2 
mg were used in anattempt to estimate and obviate 
the effects of extinction. The total number of 
reflections measured, including duplications, is 
about 4000. The number included in the structure- 
determining calculations so far is about 3600. The 
reflection intensities were correctedfor absorption. 

By the time our data had been obtained a se t  of 
approximate parameters for the carbon, oxygen, 
and chlorine atoms was made available to u s  from 
a new x-ray study in pcogress e l ~ e w h e r e . ~  These 
parameters were used to calculate structure factors 
whose signs were used with the observed structure 
factors a s  coefficients for a three-dimensional 
Fourier map. Reasonable locations for each of the 
three hydrogen atoms of the molecule were evident 
from the Fourier map, and least-squares refinement 
was started a t  once. 

Five cycles of least-squares refinement were 
carried out, the las t  two of which included adjust- 
ment of individual anisotropic thermal parameters. 
The usual reliability index R on F~ fell to 0.066 
from an initial value of 0.40 when hydrogen con- 
tributions were first included. The value of the 
function 

where n i s  the number of observations, and, p,the 
number of parameters, is 1.28, compared with the 

8 ~ .  Nitta, private communication. 



value unity that should be reached on convergence 
of least-squares refinement when the errors are 
truly random and correctly estimated. The weighted 
R factor, 

has  the value of 0.083. The largest standard 
deviation of an atomic coordinate is 0.0011 A for 
chlorine, 0.0015 A for oxygen, 0.0011 A for carbon, 
and 0.0031 A for hydrogen. The precision of the 
structure determination is clearly quite high. 

The C13C-and-CH(OH)2 groups are in a stag- 
gered orientation about the C-C axis. Figure 9.1 
shows the dihedral angles which specify the 
orientation of the  various atoms about the C-C 
axi S. 

Bond lengths and angles are shown in Fig. 9.2, 
a s  calculated from the parameters before the l a s t  
cycle of leas t  squares. Bond lengths and angles 
from the final parameters have not yet been cal- 
culated, but they can be only trivially different from 
those reported. For the bond lengths involving 
hydrogen atoms these standard deviations are 
about 0.004 A ;  for the others, about 0.002 A. .The 
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F ig .  9.1. View Along Carbon-Carbon A x i s  of ~ b l e -  

cule Showing,Orientation of Atom About That Axis. 

standard deviations of the angles are probably from 
0. lo to O.zO. The bond lengths all appear normal, 
and differences in length among chemically 
equivalent but crystallographically nonequivalent 
bonds do not appear significant, with the exception 
of the difference between the two 0-H bonds. This 
difference is probably a real effect arising from the 
different strengths of the two hydrogen bonds in 
which the two OH groups are involved (see  below). 
Some of the differences among chemically equiva- 
lent angles are clearly significant and must be real 
effects resulting from the packing of the molecules. 

Each oxygen atom is involved in two hydrogen 
bonds. Two 02-H2.  . .0 bonds link two mole- 
cules about each of the symmetry centers a t  (0,0,0) 

and (0, 42, 42). Each molecule is also linked by 
two 0 l-H . . . O2 borrcls to two rleighbor ll~olecules 
in a helical chain about one or the other of the 
screw axes at (O,y, 44) and (O,y, ?4). This system 
of hydrogen bonding results in the formation of 
layers two molecules thick which are parallel to 
(100) and which are bounded on both sides by 
chlorine atoms. The arrangement of the molecules 
is made clear by reference to Figs. 9.3 and 9.4, of 
which the latter shows in perspective the structure 
of one of the layers, viewed a t  right angles to the 
layer. The easy cleavage parallel to (100) is 
consistent with the layer structure. 

From the interatomic distances within the two 
types of hydrogen bond i t  appears that neither 
type is very strong. That the 02-H2 bond i s  
slightly longer than the 0 l-H bond is consistent 
with the shorter overnll length of the 0,-H, .. . 0 , 
bond relative to the 0 l-H . .0 bond, even though 
the latter is more nearly straight. 

The present study is apparently the first structure 
determination by neutron diffraction in which three- 
dimensional data has been used on the same large 
scale a s  i s  commonly employed in x-ray analysis. 
The results clearly show the practicability of such 
large-scale neutron diffraction problems and that 
the precision attainable i s  a s  high a s  in the x-ray 
method. 

Neutron Diffraction Measurements from 
Alkali Halide Crystals 

1-1. A. Levy W. R. Busing 
P. A. Agron 

Neutron 'diffraction measurements from single 
crystal specimens of a series of alkali halide 
crystals were undertaken for three reasons: (1) to 
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Fig. 9.2. Bond Length and Angles. 

tes t  the consistency and precision of intensity 
measurements with the Oak Ridge Automatic 
Neutron Diffractometer, (2) to.obtain a consistent 
se t  of nuclear scattering amplitudes for the alkali 
metals and the halogens, and (3) to obtain precise 
values of the thermal-displacement parameters for 
these crystals. In this report, the results of meas- 
urements on KC1, NaC1, and RbCl are presented. 
Studies of other alkali halides are under way. 

The measurements were all made with the Oak 
Ridge automatic instrument installed a t  the ORR.  
The sample crystnls were a t  room temperature, 

23 * 2OC. Intensities were correctedfor absorption 
and converted to squared structure factors in the 
usual way and were then analyzed by leas t  squares 
to determine the scale factor for intensity, the ratio 
of the metal nuclear scattering amplitude to that of 
chlorine, and the thermal parameters of both ions. 

Table 9.1 l i s t s  various measures of agreement 
between observed and computed squared structure 
factors for the three crystals. Table 9.2 l i s t s  
the parameters resulting from refinement, along 
with their precision measures (standard error) 
resulting from the least-squares procedure. For 

these refinements, the chlorine scattering ampli- 
tude was given i t s  presently accepted value, 0.98 
fermi units; this procedure was adopted to avoid 
the need for establishing independently the abso- 
lute intensity scale,  for which the available 

Table 9.1. Measures of Agreement Between 

Observed and Computed Squared Structure Factors 

PJaCl KC1 RLCl 

0.99 0.86 0.88 

1 0.019 0.026 0.023 

2 0.029 0.'036 0.046 

Number of measurements 49 117 91 

Number of nonequivalent 32 38 45 
reflections 
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Fig. 9.3. Chloral Hydrate - b-Axis Projection. 

Table 9.2. Nuclear Scattering Amplitudes and Thermal Parameters for NaCI, KCI, and RbCl 

Parameter NaCl KC1 RbCl 

f M a  (this study) 0.355 k 0 . 0 ~ 4 '  0.370 f 0.003' 0.696 f 0.002' 

/ (previous 0.351 k 0 . 0 0 6 ~  0.35 k0.01 d 0.71 f 0 . 0 3 ~  
M .  

measurements) 0.69 "'0.03 

%eta1 scattering amplitude, relative to f C I  = 0.98 (assumed). 
2 b ~ h e  isotropic temperature factor coefficient. The mean square thermal displacement i s  B/877 . 

 h he errors are least-squares standard errors and reflect precision of fit only. 

d ~ e p o r t e d  in Neutron Cross Sections, BNL-325. 

e ~ e p o r t e d  in Chem. Div. Ann. Progr. Rept. June 20, 1961, . 0 ~ ~ ~ - 3 1 7 6 ,  p 83. 





accuracy i s  not a s  great a s  for relative measure- 
ments. 

The  resulting nuclear scattering amplitudes for 
Na, K ,  and Rb a re  of greater precision than were 
those previously available and are within the 
previous experimental uncertainties. The thermal 
parameters for a given crystal show the expected 
inverse variation with the mass of the atom, being 
greatest  for sodium and leas t  for rubidium. The 
near equality of the thermal parameters for K and 
C1 is in accord with their nearly equal masses. 
From one crystal to another, the thermal para- 
meters increase directly a s  the unit cell dimension, 
probably reflecting the corresponding decrease in 
the binding energy of the crystal. 

The agreement between observed and calculated 
squared structure factors is strikingly close,  
confirming the high consistency and precision 
of the measurements made by the automatic 
instrument. 

X-Ray Diffraction Studies of Liquid Structure 

M. D. Danford Ti. A. Levy 
0. E. ~ s v a l ~  

Introduction. - Research for the past year. cen- 
tered around the development of methods for data 
analysis,  including a least-squares program for 
parameter refinement. The FORTRAN general 
least-squares program, developed by W. R. Busing 
of th is  Laboratory,was adapted to the liquid-struc- 
ture problem and i s  now an integral part of the 
data analysis procedure. 

Work on structure in molten alkali halides has  
continued, but has  not progressed sufficiently to 
warrant a report a t  this time. Data were obtained 
for three aqueous hydrolyzed uranyl chloride solu- 
tions and two uranyl perchlorate solutions, with 
statist ical  precision sufficient to define intensity- 
curve features to the largest scattering angles. 
Analysis of these  data i s  proceeding. Work on the 
structure of water at room temperature and on an. 
aqueous solution of hydrolyzed lead perchlorate is 
nearing completion, and preliminary results for 
these two cases  are presented. 

The Structure of Water. - The great number of 
reports on theoretical and experimental studies of 

the water structure have made a considerable con- 
tribution to a greater understanding of the liquid 
state, l o -  l 7  although the basic conclusions, in 
many cases,  have differed. This report presents 
preliminary results from an x-ray diffraction study 
of water a t  room temperature, undertaken in an 
attempt to consolidate results and remove con- 
fl icts from past  studies. 

The data were obtained using the x-ray diffracto- 
meter for liquids, described briefly in previous 
reports. 

The observed diffracted intensity was inter- 
preted in the usual way to yield the radial distri- 
bution function shown in Fig. 3.6, From th is  
curve, t h e  following co~iclusioll  nay be drawn 
regarding the atomi c arrangements in water. 

The first peak a t  about 2.9 A i s  assignablewith 
confidence to the nearest neighbor 0-0 interaction 
and corresponds to an average number of neighbors 
of about 4.5. A broad, rising, incompletely resolved 
featlyre shows a concentration of distances between 
3 and 4.5 A, followed by a slightly more prominent 
maximum which indicates another group of neigh- 
bors a t  about 4.80 A. 

Comparison of this distance spectrum -with that 
of ice  (four neighbors a t ,  2.76 A and 1 2  at 4.50 
A) suggests a close relation between the ice  and 
water atomic arrangements and indeed led to a 
plausible model for describing the water arrange- 
ment. In this model the basic network arrangement 
of i c e  i s  maintained in a somewhat expanded form, 
co~lfor~~iilig to tlie first radial distribution peaks a t  
2.9 and 4.8 A. The' proper density then requires 
the addition of about one water molecule per four 
molecules in the network in a position to yield 

10~ydrogen Bonding, p 1 (ed. by D. Hadzi), Pergamon, 
London, 1959; L.  Pauling, The Nature of the Chemical 
Bond 3d ed., p 472, Cur~lell U~iiversity Press ,  Ichaca, 
1960. 

"sir John Lennard-Jones, and J .  A. Pople,  Proc. 
Roy. Soc. (London) A205, 155 (1951). 

1 2 ~ .  Forslind, Acta Polytech. 3, 115 (1952). 
1 3 ~ .  D. Bernal and R.  H. Fowler, 1. Chem. Phys. 1 ,  

515 (1933). 

'k .  Grjotheim and J .  Krogh-Moe, Acta Chem. Scand. 
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'*J.  Morgan and B. E. Warren, 1. Chem. Phys. 6 ,  666 
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distances intermediate between the first and 
second neighbors of ice; this "interstitial" mole- 
cule can be placed, in conformity with the radial 
distribution curve, within the cavities of the ice- 
l ike network. 

The model was sufficiently successful in 
accounting for the radial-distribution curve fea- 
tures to warrant an attempt at refinement. For 
this purpose, in the interest of simplicity, the 

report, indicated that polymeric species exist in 
solution. Specifically, at a ratio (OH)-/P b equal 
to 0.93, the degree of polymerization is approxi- 
mately 4, suggesting a species [P~(oH)] 44t. To 
provide additional information concerning this 
species, an x-ray diffraction study of a solution 
approximately 5 M in pb2', with about the same 
ratio (OH)-/Pb, was undertaken.. 

basic hexagonal symmetry of the ice structure was UNCLASSIFIED 
ORNL-LR-DWG. 7 0 0 9 3  

assumed, and the dimensions of the network were 
permitted to be altered anisotropically; that i s ,  in 1.2 
the network there are two nearest 0-0 distances, SlTY (observed ) 

0.8 
one corresponding to three neighbors and the other 

0.4 to one. The interstitial molecule was restricted to 
positions of threefold symmetry within the cavity. 5 O 

The basic distance parameters of this model are -0.4 

thus the two 0-0 distances in the network and the -0.8 

shortest distance from the interstitial molecule to - 1.2 
0 2 4 6 8 $ 0  12 14 

to the framework. The number of interstitial s = 4 ~ ~ s i n 8 / X  
molecules was fixed to maintain proper density. 

T l ~ r s e  basic parameters were refined by the 
Fig.  9.5. Observed and Calculated Reduced Intensity 

method of leas t  squares to give a fit to the observ- 
Curves for H 2 0 .  The smooth curve represents t6e cal- 

ed reduced intensity function. All distances out 
culated intensity from parameters of the model. Ob- 

to 10 A were included, properly related to the 
served data points are designated by circles. 

three basic parameters. 
The result of this refinement is shown in Figs. 

9.5 and 9.6, which compare observed and calculated 
reduced intensity functions and radial-distribution 
functions. Significant features of the refined 
model are the following: 

1. Each network oxygen atom has one network 
neighbor a t  2.79 A and three network neighbors a t  
2.95. 

2. Each interstitial oxygen atom has  three net- 
work neighbors a t  2.96, 3.29, 3.43, and 3.90 A. 

3. The ratio of network molecules to interstitial 
molecules, is 3.88, corresponding to filling 51.6% 
of the "cavities." 

The success  i n  fitting this model to the observed 
datn i s  great cnough to lend the 11loJe1 consider- 
able credence. It may be mentioned that various 
models proposed by others, including those of 
Pauling l o  and Bernal, l 3  were examined and were 
judged to be inconsistent with the observed radial- 
distribution function. 

Correlation of the present results with other 
studies, including thermodynamic properties, is 
under way. 

Hydrolyzed Lead Perchlorate Solution. - Ultra- 
centrifugation of lead perchlorate solutions, with 
varying pH, discussed in another section of this 
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Fig.  9.6. Observed and Calculated Radial  Distribu- 

tion Functions for HZO. 



The radial-distribution function, Fig. 9.7, shows 
a prominent peak a t  about 3.83 A which is attri- 
buted to PL-Pb interactions. The area of the 
peak, assuming that all other interactions in the 
neighborhood of th is  distance can be represented 
by a continuous distribution of distances, corres- 
ponds to about three lead neighbors per lead atom. 
The only other discernible feature of structural 
significance is the first peak a t  about 2.5 A, 
attributed to c lose  Pb-0 interactions. The area 
of the peak corresponds to about four oxygen atom 
neighbors per lead atom. 

UNCLASSIFIED 
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F i g .  9.7. Radia l  Distr ibution Function for Aqueous 

Pb(OH)C104,  Ca lcu la ted  from Observed Data.  . 

The resul ts  are consistent with a model con- 
forming to the symmetry of the point group T d ,  
having four lead atoms in a tetrahedral arrange- 
ment. A hydroxyl ion is assumed to be above the 
centers of each of the planes containing three 
lead atoms, along a line perpendicular to the planes 
a s  shown in Fig. 9.8, giving three (OH)- neighbors 
per lead atom. 

A least-squares refinement of the parameters 
for this model, using the portion of the observed 
data with s > 7, gave aPb-Pb distance of 3.828 f 

0.002 A and a Pb-0 distance of 2.52 f 0.02 A 
(the errors are  the least squares standard devia- 
tion s). 
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Fig .  9.8. Model for Polymeric U n i t  [ P ~ ( o H ) ] ~ ~ + .  L e a d  

atoms are designated by small circles.  Large  circles 

represent assumed positions for oxygen atoms. 

A Contour-Plotting Computer Program 

H. A. Levy R. D. Ellison 

A program has  been prepared to plot contours of 
a two-dimen sinn a1 density function using the 
California Computer Products model 570 magnetic- 
tape plotter. The code is written in FORTRAN, 
with all parts that apply specifically to this 
plotter contained in separate subroutines so a s  to 
facilitate conversion of the code for use  with 
other plotters. 

The function whose contours are to be plotted 
must have been previously evaluated at points on 
a grid. The user must supply this array and a 
subroutine to regulate i t s  storage and conversion 
to proper form for use  by this code. Other data to 
be supplied by the user are: (1) the direction of 
projection or, for a tlwee-di~nel~sional problem, the 
number of sections to be plotted; (2) the portions 
of the input array that are to be plotted; (3) the 
scale of the plot; (4) the angle between axes; (5) 
the unit of length a s  measured along each axis; 
and (6) the contour interval and the minimum and 
maximum contour levels to be plotted. The axes 



may be interchanged to control the orientation of 
the plot on the page, and, if desired, a reference 
net may be plotted. 

Contour points are located by inverse linear 
interpolation along the s ides  of triangles formed 
by passing three s e t s  of parallel l ines through the 
grid. The code finds all  the contours passing 
through a pair of these triangles and scans the 
entire grid, using successive pairs of triangles 
rather than tracing a single contour i t s  entire 
length before considering the next one. 

Figure 3.9 shows one section of a Patterson 
(vector-density) functibn a s  plotted by this pro- 
gram. The data for this plot are the neutron 
diffraction intensities from a crystal of potassium 
hydrogen chloromaleate. The function was eval- 
uated using the MIFRl code written by W. G. Sly 
and D. P. Shoemaker (Accession No. 118, American 
Cry stallograpluc Association Computer Program 
Listing); the array of values was put into form for 
use by the plotter program by the Patterson . S u p e ~  
position Program written by B. R. Penfold (Acces- 

sion No. 167, American Crystallograpl~ic Associa- 
tion Computer Program Listing). 

A C ~ m p u t e r  Program to Postulate Crystal 
Structures 

W. R .  Busing 

An experimental computer program has  been pre- 
pared which will postulate crystal structures when 
given the unit cell  size,  symmetry, and number of 
molecules per cell. The present program makes 
use of some chemical information by excluding 
structures with interatomic distances shorter than 
a specified radius sum. For ionic crystals i t  
also calculates an approximate Coulomb energy 
for each structure. Future versions will make use  
of more detailed information on molecular geometry. 

Two purposes are foreseen for a program of this 

type. One i s  to deduce new chemical knowledge 
by comparing crystal structures postulated on the 
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Fig.  9.9. P lot  of One Section of a Patterson (Vector-Density) Function. 



bas i s  of preliminary information with those deter- 
mined experimentally. The other i s  to serve a s  an 
aid to the solution of structures from x-ray or 
neutron diffraction data. For this purpose the 
program compares the structure factors calculated 
for each trial arrangenient with those obtained from 
the observed diffraction intensities. The program 
has  been used successfully in th is  way to obtain 
a trial structure for L i C s F 2  based on 13 observed 
x-ray intensities. l8 

Structures are generated by advancing the atoms 
across  a grid of points in the basic asymmetric 
unit until al l  acceptable combinations of positions 
have been obtained. As each type of atom i s  
placed, the symmetry-related atoms are generated 
in a l l  the asymmetric units adjacent to the basic 
one. 4 position is rejected if i t  is too close either 
to a previously accepted atom or to a symmetry- 
related atom of i t s  own type. Special positions 
are recognized by the coincidence of two or more 
equivalent locations, and the number of atoms 
occupying the s i t e  are computed. Any atoms of 
a given kind which are not needed to fill the s i te  
are treated a s  a new type of atom to be placed. 
Posit ions which require more than the available 
number of atoms are rejected. 

The interval of the grid over which the atomic 
positions are scanned must be chosen so that the 
special  positions of the space group are included, 
and the limits of the scan are selected to avoid 
duplication of symmetry-related points. Computing 
time is conserved by restricting the scan to the 
special  positions when the number of atoms avail- 
able is l e s s  than the number of general positions. 
The range of scan for the first type of atom is 
further reduced to prevent the generation of equiv- 
alent structures. 

The time required on the IBh4 7090 computer. 
will be  l e s s  than 20 min for many types of pro- 
blems. Further work is in progress to improve the 
program and to extend i t s  applications. 

- 

18J. H. Burns, Reac tor  Chem. Div.  Ann. Progr. Rept .  
J a n .  31, 1962. ORNL-3262, p 17. 

Computer Programs for Crystallography 

D. J. Wehe l9 K. 0. ]dartinl9 
W. R. Busing H. A. Levy 

In dle field of x-ray and neutron diffraction 
cry stallography there are certain computational 
procedures d i i c h  are used so universally that i t  
would be very desirable to avoid duplicating the 
effort of programming them for a high-speed com- 
puter. This goal has been difficult to attain, how- 
ever, because of the differences from time to time 
and from place to place in the kind of machine 
available and in the standard operating procedures 
used. For example, certain programs which were 
originally written for the Oracle were later repro- 
grammed for the TRAI 704 computer. These were 
then revised once when the Oak Ridge operating 
system was adopted and again for use with the 
IBM 7070 computer. Crystallographers a t  other 
locations have made still other revisions to adapt 
these programs to the systems avsjlahle m them. 

Now, with new computing machines proposed for 
the Laboratory, 'we have attempted to expedite 
future changes by rewriting several programs in 
the universal language of FORTRAN and providing 
detailed reports or program descriptions. These 
programs include the calculation of absorption 
correctlons for single crystal dlffractiun ~neasure- 
lltenrs,20121 a general least-squares program for 
fitting a s e t  of observations with an arbitrary 
function, 2 2  a crystallographic structure factor 
least-squares refinement program, 2 3  and a program 
for evaluating interatomic distances, angles, and 
other functions of the least-squares parameters 
with their standard errors. 2 4  Work is also in prog- 

19~athematics Panel. 
2 0 ~ .  R. Busing and H. A .  T.evy, A c t a  C r y s t .  10, 

18U (1957). 
2 1 ~ .  J .  Wehe, \V. R. Busing, and H. A. Levy, O R  

ABS - A FORTRAN Program /or  Ca lcu la t ing  Single  
C r y s t a l  Absorp t ion  Correc t ions ,  ORNL TM-229 (1962). ' 

2 2 ~ .  R. Busing and H. A. Levy, O R  G L S  - A General  
FORTRAN L e a s t  Squares Program, ORNL report (in 
preparation). 

2 3 ~ .  R. Busing and H. A. Levy, A Crys ta l lographic  
L e a s t  Squares Refinement  Program for t h e  IBM-704, 
ORNL CF-59-4-37 (April 1959). 

2 4 ~ .  R. Busing and H. A. Levy, A Crys ta l lographic  
Funct ion a n d  Error Program /or the IBM-704, ORNL 
CF-59-12-3 (Dec. 9, 1959). 



ress  on revised programs to control the ORNL 
automatic three-dimensional neutron diffractometer 
and to process the data produced by this instru- 
ment. 

CALORIMETRY 

Low-Temperature Heat Capacity of 
Potassium Hexabromorhenate(lV) 

R. B. Bevan, Jr. R. A. Gilbert 
R. H. Busey 

The need to confirm the anomalous heat capacity 
of K2ReBr6 observed25 above 200°1C has  prompted 
further measurements on this compound. Unusual 
thermal behavior was not unexpected, however, 
since the similar compound, K2ReC16, has  a very 
extraordinary low-temperature heat capacity. 26 The 
procedure for verifying the results was the same a s  
employed in the K2ReC16 measurements, namely, 
mensuremcnt of the heat capacity of a sample of 
K2ReBr6 prepared by a different procedure. .A 
hrnmide analysis is not n sensitive method for 
determining the purity with respect to a hydrolysis- 
product impurity. For example, the presence of 
1 mole % K2Re(OH)Br5 would lower the bromide 
content only 0.1% of the theoretical value. 

Preliminary measurements were made on a sample 
prepared by recrystallization of the original sample 
of K2ReBr6 from constant boiling aqueous HBr 
(48%). Results in the anomalous region (200 to 
300°K) differed significantly from the results on 
the first sample. The measurements on this sample 
were discontinued. 

A third sample was prepared27 by HBr reduc- 
t i ~ n ~ ~  of KRe04 in the presence of an equivalent 
amount of KBr. The solution was kept under 1 
atm pressure of HBr during the reduction and 
crystallization of the product in order to minimize 
hydrolysis. The brohiidr' analyses gave (64.33 f 
0.06)% v s  64.46% theoretical bromide content. 

2 5 ~ .  B. Bevan, Jr., and R. H. Busey, Chem. Div. 
Ann. Progr. Rep t .  J u n e  20 ,  1960, ORNL-2783, P 71. 

2 6 ~ .  H. Busey, H. H. Dearman, and R. B. Bevan, Jr., 
/. P h y s .  Chem. 6 6 ,  82 (1762). 

2 7 ~ y  D. E. LaValle of the Analytical Chemistry 
Division. 

2 8 ~ r ~ r 2  was used a s  reducing agent for the first 
sample. 

The heat capacity of this third sample is lower 
than the first by 0.5% a t  40°K, 1.2% a t  100°K, and 
2.0% a t  200°K. In the region of the antiferromag- 
netic transition (13 to 18OK), the temperature of 
the heat capacity maximum is approximately 14.8 
vs  15. 1°K for the first sample. In the anomalous 
region above 200°K, the heat capacity of the 
third sample has  a single, broad maximum a t  258OK 
instead of two maxima at  225 and 2 a ° K  observed 
on the first sample. The heat contents from 200 
to 290°K of the two samples, however, agree to 
0.1%. 

The poor agreement between the two samples 
places a large uncertainty upon the entropy cal- 
culated from the data. With the data a t  present 
available, i t  i s  not possible to decide which 
sample most closely represents pure K ReBr if 

2 6' 
i t  exists. The revised entropy of K2ReBrG a t  
298.16O.K i s  108.0 f 1.5 cal deg- ' mole- l. 

Molar Enthalpies of Mixing in the Molten 
L iF -KF  System 

R. A. Gilbert 

Preliminary data reported elsewhere29 showed 
that molar enthalpies of mixing in the liquid 
LiF-KF system are  obtainable, a s  a function of 
the composition, by means of the Bunsen i c e  calo- 
rimeter. The study of this system at 875OC is now 
complete, and the results are given in Table 9.3 
and shown graphically in Fig. 9.10 

The value reported for the 50-50 mixture (-1213 
cal/mole) confirms the estimate by Aukrust et al.. 30 
that the maximum enthalphy of mixing in this system 
should be about 1.2 kcal. 

The system exhibits energetic asymmetry a s  i s  
shown by the following limiting heats  of solution: 

amm 
for K F  in L i F ,  = -4945 cal/mole; 

- 1  

amm 
for L i F  in KF, (r)X)X = -3886 cal/mole . - 0 

2 9 ~ .  A. Gilbert, Reac tor  Chem.  Viv. Ann. Progr. 
R e p t .  / a n .  31, 1962, ORNL-3262, p 41. 
3 0 ~ .  Aukrust  et al., Ann. N.Y. Acad .  Sci. 79 ,  830 

(1760). 



Table 9.3. Heat-of-Mixing Data for the System L i  F -KF  . 
 AH^ 

X ~ i ~ '  Total Calories Calories 
Mole Fraction Difference  AH^ x (  I-x) 

Moles Obtained Poss ible  (cal/mole) of L iF  (cal/mole) 
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KF MOLE FRACTION, X L i F  L iF  

M 
Fig.  9.10. Molar Integral Heats of Mixing (AH ) in 

Mixtures of L i F - K F  at 875'~.  

The relative partial molal heat contents of the 
components can be calculated from the equation 
shown in Fig. 9.10 and are  

MASS S P E C T R O M E T R Y  

A Mass Spectrometric lnvestigatlon of the 
Decomposition of Ammonia 

C. E. Melton 

The radiolytic and catalytic decomposition of 
ammonia were investigated with our high pressure 
(up to 1 mm iii the lonlzauull clla~llbcl) lcssarch 
mass s pec~iometer. 

In the radiolytic study, NH3 was irradiated with 
90-ev electrons over the pressure range of 0.001 
to 1 mm, and charged transient species, both 
positive and negative, were observed' by employing 
the techniques previously developed at th is  Lab- 
oratory. 3 1  The N H ~ +  was by far the most abun- 
dant species observed in the radiolysis a t  0.1 mm 
pressure and accounted for over 80% of the total 
ionization (Table 9.4). The rate constant and 
cross section for N H ~ +  production by the reaction 
given in Table 9.4 were determined, using the 
estimates and approximations previously noted. 

In the negative ion spectrum, transient species 
of mass greater than the parent (mass 17) are 
negligible, a s  shown by Table 9.5. I t  i s  also 
noted in Table 9.5 that the positive ions are 
about 10 times more abundant than the negative 

3 1 ~ .  E. Melton, I .  Chem. Phys. 33, 647 (1960). 

3 2 ~ .  E. Melton, "Ion-Molecule Reactions," in Mass 
Spectrometry o/ Organic lons, ed. by F. W. McLafferty, 
Academic Press ,  New York, 1962. 



Table 9.4. Transient Species Observed in  the Radiolysis of Ammonia a t  0.1 mm Pressure 

m/e Positive Percent k in lo-9 Probable Reaction ~ ( 1 0 - l ~  cm2) 
Ion Abundance cc molecule-' s e c - I  

Table 9.5. Transient Species Observed in the Rodtolysis of Ammonia at 1.2 mm Pressure 

Negative Percent 
i n /  e Ion  bund dance' Probable Reaction 

a - NH2 1 
-= - 
~ 1 1 ~ '  OOOO 



ions ,  for the conditions u t i l izedin  this experiment. , 

I t  is c lear  therefore, that  the principal charged 
intermediate in the radiolytic decomposition of 

t .  NH3 is the  NH4 Ion. 
In the  catalytic decomposition of NH3, the  NH4 t 

ion was  also the most abundant transient species  
observed(Tab1e 9.6). These  resul t s  were obtained 
by us ing  a platinum ca ta lys t33  in the ionization 
chamber of the mass  spectrometer. The transient 
radica ls  were ionized by electrons for detection in  
the  m a s s  spectrometer, but the ions  evolving from 
the  hot  catalyst  were observed directly34. By 
uti l izing mixtures of H2:NH3 and D2:NH3 we were 
ab le  to ascertain that  N H ~ '  is produced by a 
reaction between NH3 and H ?  which i s  formed 
from the decomposition of NH . The rate of NH4 t 

formation is dependen; upon d e  first power of the  
H z  pressure rather than (Hz) " ', which sugges ts  
that  NH reacts with !-I2 molecules rather than H 
atoms adsorbed on the surface. 

T h e  production of N H ~ ~  by ca ta lys is  has  an 
important bearing on our radiolytic study. We 
were unable to  determine conclusively the fate of 
the N H , ~  in the r ad io lp i c  study because of 
poss ib le  interference from such things a s  products 
formed by ion-molecule reactions. However, in 
the catalytic study, N H ~ ~  was  the only posit ive 
ion produced by the catalyst ,  thus giving u s  only 
a single ion beam to investigate. (We have already 
shown that  the reactions of ions  in ion-molecule 
reactions do not depend upon the source of the 
ion. 5 ,  Therefore, by adding N 2, H 2, or NH to the 
system, any other i ons  observed would have 
been produced by a reaction between N H ~ '  and 
the neutral molecules added. Since no other 
posit ive ions were observed even a t  pressures  
in the ionization chamber a s  high a s  1 mm of 

t the  reactant g a s e s ,  we conclude that NH4 does  
not undergo subsequent  ion-molecule reactions 
with N 2, Hz,  or NH 3. Th i s  i l lustrates how catalytic 
investigations can be  utilized to supplement 
radioly sis studies. 

The  activation energy for the catalyzed decom- 
position of NH was a l so  investigated. Th i s  was  3 
done by using two different methods. Method 1 
consis ted  in determining the activation energy 

Table 9.6. Concentration of Species Observed i n  the 
Catalytic ~ e c o m ~ o s i t i o n ~ o f  NHJ over Platinum at 

0.1 mm Pressure and 1 2 0 0 ~ ~  

Concentration of N b 
Species 2 

( P P ~ )  

'10% NH.  decomposirion. 3 
' ~ a y  be in error by one ot more orders of magnitude. 

for several  different temperature ranges (e.g., 
300 to 310, 320 to 330°C, etc.). Ordinarily the 
observed activation energy is independent' of 
temperature, but in our flow system the concentra- 
tion of NH remains essential ly constant, whereas 3 
the concentration of the product H2  is a function 
of temperature. Since the reaction is retarded by 
H Z  ( s e e  Fig. 9. l l ) ,  the measured activation energy 
varies with the concentration of H2  and therefore 
temperature. Ten different determinations, utilizing 
th is  method and taking the extrapolated value a s  
the "true" activation energy, gave a value of 44 
kcal  in the pressure range of from 5 to 15 p. The 
value estimated utilizing this  method is known to 
be low by the amount of the heat of adsorption of 
NH on platinum. 

Method 2 consisted in determining the activation 
energy over a very small temperature range, 
utilizing a 20H2:80NH3 starting mixture in the 
reaction chamber. By starting with an excess  of 
H z  and producing l e s s  than 1% of NH dccomposi- 3 
tion, the retarding by H2  can be considered a s  
constant. Th i s  method gives a value of 53 kcal  
for the activation energy, but the value is high by 
the amount of the heat  of adsorption of Y2 on 
platinum. The true value of the activation energy 
therefore l ies  between 44 and 53 kcal. Literature 
data cover the broader interval from 40 to 140 
kcal. 36 

3 3 ~ .  E. Melton, 1. Chem. Phys. 35, 1751 (1761). 

3 4 ~ .  E. Melton, I .  Am. Chem. Soc. 84, 1471 (1762). 
3 G ~ .  J .  Laidler, "Kinetic Laws in Surface Catalysis," 

3 5 ~ .  E. Melton, to be published in Journal of Chemi- in Catalysis, ed. by P. H. Emmett, Reinhold, Baltimore, 
cal Physics (Aug. 1, 1762). 1754. 
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F ig .  9.11. Concentration of N2 as a Function of Hz Pressure in the Decomposition of NH3 on Pt a t  4 0 0 ' ~  and 10 

Microns NH3 Pressure. 
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Russell  Baldock L. E. Idom 

The two-stage mass  spectrometer has  been 
developed into a highly sensit ive and reliable 
instrument for the  accurate determination of iso- 
topic abundance rat ios and i s  being used con- 
tinuously in support of the neutron cross-section 
measurement program of the Chemistry Division. 
Many measurements of an exploratory nature have 
been made in order to establish the quality and 
purity of the starting materials and to monitor 
chemical procedures for possible introduction of 
contaminants following irradiation. 

Considerable effort h a s  been made to ensure 
that the microgram or l e s s  of material used for 
the mass  spectrometer analysis  i s  in no way con- 
taminated by impurities in the components of the 
ion-source oven. Tantalum ribbon baked for approxi- 
mately 8 hr a t  2500°C in a high vacuum has  been 
satisfactorily used  a s  an  oven material i n  order 
to compile a s e r i e s  of measurements of the iso- 
topic abundance rat ios which were required in the 
neutron cross  section of Ce 140. Tantalum ribbon, 
pretreated in the same manner, was also sat is-  
factorily used  to complete a series of isotopic 
nbundnnce measurements required for the measure- 
ment of the neutron cross  section of S r n l S O . ' ~ h e -  
nium ribbon baked for approximately 8 hr a t  2000°C 
in a high vacuum h a s  been entirely satisfactory a s  
oven material to vaporize bismuth for analysis  in 

Electron Shake-Off and Molecular Fragmentation 
a s  the Result of Nuclear ~ e c a ~ ~ ' .  

T. A. Carlson 

A special ly designed mass spectrometer h a s  
been used to measure the relative abundances of 
the ions  formed following the decay of a radio- 
active gas .  Much of the work was recently pre- 
sented in the Physics  Division Annual Progress 
Report, ORNL-3268, under the following titles: 

1. "Recoil Energy and Charge Spectra for the 
~ a ~ ~ ~ o n s  Formed from the 13- Uecay of ~ e ~ ~ , "  
T. A. Carlson. 

2. "Electron Shake-Off Following the (3- Decay 
of I," T. A. Carlson. 

3. "Fraginent and Charge Spectra of the Ions  
Formed Following Radioactive Decay of 
c ~ H ~ I ~ ~ ~  and C I I ~ I ~ ~ O , '  T'. A. Carlson and 
R. M. White. 

Besides the above studies, a paper on the decom- 
position of (CH ~e 13')+ following the nuclear 
decay of C H ~ I ' ~  13was published in the Journal of 
Chemical Physics.  Completed, but not yet  reported, 
i s  the investigation of CH311Z5 and C Z H 5 ~ 1 2 5 ,  in 
which the role of internal conversion was evaluated. 
Calculations were a lso  made of the extent of 
electron shake-off due to recoil energy following 

3 7 ~ n  collaboration with the Physics Division. the mass  spectrometer. 



the decay of l-IeG, by use  of the sudden approxi- thermal dissociation in a tungsten furnace heated 
mation; agreement with experimental results was to 2800°K.  The beam was modulated by a 1080- 

found to be satisfactory. cycle mechanical chopper and collimated. The 
molecular beam of H 2  was formed by effusion 
through "crinkly foil" s l i t s38 at 77OK. The 
collision region was surrounded by a pumped 

MOLECULAR B EAM STUD1 ES liquid-helium-cooled trap which acted a s  a pump 
for the hydrogen gas. The detector was a 135' 

magnetic sector mass spectrometer that could be 
Reaction of D wi th  t i2 rotated about the scattering center. The use of 

E. TI. Taylor beam modulation and phase sensitive detection39 
S. Datz G. E. hloore 

Crossed molecular beam techniques were used 3 8 ~ .  R. Zacharias and R .  D. Haun, MIT Research 
~a 'bora to ry  of Electronics,  Rept.  NP-5427 (October 

to study the reaction D + I-I2 = ND + 11. A sche- 1754). 
matic diagram of the apparatus i s  shown in Fig. 3 9 \ ~ .  L. Fite and R.  T .  Rrackman, Phys.  Rev. 112, 
9.12. The deuterium atomic beam was formed by 1141 (1758).  
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permitted the observation of signals in the presence 
of the very high background levels (signal/back- 
ground ratio = from ambient gas of the same 
mass. In addition, the choice of 1080 cycles for 
the modulating frequency permitted the observation 
of phase shifts resulting from time-of-flight changes. 

A calculation of the angular distribution of 
centroid density was carried out for the two Max- 
wellian beams4' for D a t  2800 and H2 a t  100°K, 
with the assumption of an activation energy of 7.5 
kcal (see Fig. 9.13). This  distribution differs 
slightly from the centroid flux distribution cal- 
culation outlined in ref 40 and was used because 
the detection in this case  (electron bombardment) 
i s  density sensitive rather than flux sensitive ( a s  
with surface ionization). The change in the cal- 
culation is  accomplished by dividing the distri- 
bution functions [ ~ q s .  (18) and (22) in ref 401 by 
the velocity of the center of mass in the laboratory 
system. 

The angular distribution of reaction products in 
the laboratory system will depend upon the momen- 
tum imparted to the product fragment in the center- 
of-mass (c.m.) system upon breakup of the reaction 

40~heldon Datz, D. R. Herschbach, and E. H. Taylor, 
1. Chem. P h y s .  35, 1549 (1961). 

complex. The magnitude of the momentum kick 
in the c.m. system is a function of the initial 
relative energy and the energy released in 
the reaction. The directions of the additional 
momentum vectors in the c.m. system will be 
anisotropic i f  the collision efficiency is different 
for different molecular orientations and if the life- 
time of the complex is short compared to a rotation 
period. 

The heat of reaction in this case  is 0.8 kcal. 
Therefore, if i t  is assumed that the scattering in 
the c.m. system i s  isotropic and that there is no 
internal excitation of the HD product molecule, 
the maximum displacement of the product from i t s  
centroid vector will be about 60' [compare Eqs. 
(33-37) of ref 401. 

The results of the experiment are shown in Fig. 
9.13. Signals from HD were observed from about 
-20 to +35O. Unfortunately, in spite of all  attempts 
of removal, an HD impurity of about 1% was pre- 
sent in the modulated D atom beam. The elastic 
scattering of this impurity in the main beam (width 
about lo) prevented measurement of the HD reac- 
tion product in the angular region from -1 2 to +12O. 
However, i t  i s  believed that the HD signals outside 
of this region are sufficiently reliable (i.e., free 
of elastic scattering contribution) to be recorded 
here. One reason for this belief is the result of a 

Fig.  9.13. Angular Distributions. 



scattering experiment using helium in the cross 
beam, in which no HD signal was observable above 
lo0 in scattering angle. 

The observed distribution of product molecules 
is  too narrow and displaced too little ( lo0)  from 
that calculated for the centroids for the assumption 
of no internal excitation to be realistic. Excitation 
of vibration is certainly not t o  be expected for 
collision involving 6 to 8 kcal/mole (activation 
energy about 6 kcal/mole) s ince the first excited 
vibrational level is about 10 kcal/mole above the 
zero point level. This  leaves an impasse, since 
the impact parameter necessary for the absorption 
of so  much energy in rotation is preposterously 
large. 

Interactions of Gases and Surfaces 

S. Datz G. E. Moore E. H. Taylor 

If a solid i s  placed a t  the scattering center of 
the system described above (and the cross  beam 
eliminated), interactions between gases  ( a s  mole- 
cular or atomic beams) and surfaces can be studied. 
This  technique h a s  been used to study the inter- 
actions (adsorption and energy transfer) between 
polished polycrystalline platinum surfaces and 
helium, molecular and atomic deuterium, and argon. 
These experiments were preliminary to catalytic 
investigations now under way. A summary of the 
gas-surface interactions follows4 l. 

The angular distributions of He, DZ,  and Ar 
scattered from platinum depend strongly upon 
the temperature of the platinum surface: The dis- 
tributions from a high-temperature surface (greater 
than about 150 to 200°C) are surprisingly specular, 
whereas those from a surface a t  lower temperature 
are diffuse (illustrated for D2 in Fig. 9.14). Specu- 
lar  reflection requires an atomically smooth reflect- 
ing surface a s  well a s  an absence of appreciable 
residence of the projectile on the surface. Micro- 
scopic and diffraction studies of the platinum foil 
after the experiments showed large, nearly parallel, 
single crystals, characterized by a surprising 
smoothness, which apparently met the first require- 

4 1 ~ ~ r  details see Sheldon Datz, G. E. Moore, and 
E. H. Taylor, "The Reflection of Modulated Helium and 
Deuterium Molecular Beams from Platinum Surfaces," 
Proceedings of t he  Third International Symposium on 
Rarefied Gas Dynamics, Paris, France, June 25-29, 
1962. 

ment for specular reflection. At the higher surface 
temperatures, then, the gas  molecules in the beam 
must not have resided on the surface for appreci- 
able times. The transition from specular reflection 
a t  high surface temperature to diffuse reflection 
a t  lower temperatures is probably associated with 
the adsorption of a gaseous contaminant (not 
hydrogen, but probably oxygen) a t  the lower tem- 
perature. 

Variations in the displacement of the reflected 
distributions from high-temperature platinum with 
respect to the true specular angle, a s  the tempera- 
ture of the beam, i t s  composition, and the angle of 
incidence were varied, suggest some gas-surface 
interaction even under these conditions. This  
interaction seems most likely to be a partial 
exchange of energy without appreciable adsorption. 
Indeed, an appreciable increase in the velocity of 
argon atoms was detected when a room temperature 
beam was reflected (specularly) from a high-tem- 
perature platinum surface. 

Reactions of  Alkali Metals 

R. E. Minturn S. Datz E. H. Taylor 

A number of surface-ionization gages of different 
c u n l i p r a ~ i o n s  were tested for the detection of 
a tom~c  and moiecuiar beams. New filament m a t e  
rials were studied, including a filament made by 
depositing and decomposing tungsten carbonyl on 
a very thin platinum strip. A high-purity tungsten 
wire drawn from single crystal tungsten by the 
Linde Company was superior a s  a filament material 
to any previously encountered. The problem of 
devising a differential detector that does not give 
rise to spurious effects because of scattering of 
beam molecules from i t s  own members was attacked 
and solved. 

A fast-response, surface-ionization detector 
utilizing an electron multiplier in order to amplify 
very weak signals was devised and constructed. 
It is to be utilized with aphase-sensitive electronic 
network in the study of energy distributions of 
product molecules. 

A multidisk mechanical velocity selector was 
completed and installed, and i t  and i t s  associated 
electronics were given preliminary trial runs. 

Preliminary scattering experiments with rubidium 
and hydrogen bromide were made, and the reaction 
between potassium and hydrogen bromide was re- 
examined more closely. 
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Tennessee, Knoxville, April 26, 1962. 

CHEMICAL PHYSICS 

Ralph Livingston, "Electron Spin Resonance," Sigma Xi Lecture, Wake Forest  College, Winston- 
~ a l e m ;  North Carolina, October 18, 1362. 

G. M. Begun, "Techniques of Raman Spectroscopy ," ORINS Traveling Lecture, Division of Natural 
Sciences, Tuskegee Institute, Tuskegee, Alabama, November 30, 1361. 

G. M. Brown* and H. A. Levy, "A Neutron-Diffraction Study of Chloral Hydrate," American Crystal- 
lographic Association Annual Meeting, Villanova, Pennsylvania, June 18-22, 1962. 

W. R. Busing* and H. A. Levy, "Experience with the Oak Ridge Automatic Three-Dimensional Neu- 
tron Dilf~tictornt.ter," American Crystallographic Association Annual Meeting, Boulder, Colorado, July 
3 1-August 4, 196 1. 

W. R. Busing,* M. Zocchi, and H. A. Levy, "A Single Crystal Neutron Diffraction Study of Hydra- 
zine," American Crystallographic Association Annual Meeting, Boulder, Colorado, July 31-August 4, 
196 1. 

W, R. Busing, "A Computer Progral~l to Postulate G y s t a l  Structures," American Crystallographic 
Association Annual Meeting, Villanova, Pennsylvania, June 18-22, 1962. 

H. G. Smith, S. W. Peterson, and 11. A. Levy ,* 'Weutron Diffraction Study of Li2S0,  H20," Amer- 
ican Crystallographic Association Annual Meeting, Boulder, Colorado, July 3 l-August 4, 1961. 



H. A. Levy, "Recent Neutron Diffraction Studies," ORINS Traveling Lecture, University of North 
Carolina, Chapel Hill, North Carolina, March 9, 1962. 

H. A. Levy, "X-Ray and Neutron Diffraction Studies of Molten Salts," Gordon Research Confcrence 
on Molten Salts, Meriden, New Hampshire, September 1961. 

S. Dam,* G. E. Moore, and E. H. Taylor, "The Reflection of Modulated Helium and Deuterium Mo- 
lecular Beams from Platinum Surfaces," 3d International Symposium on Rarefied Gas Dynamics, Paris, 
France, June 26-29, 1962. 

S. Datz, "Crossed-Beam Experiments on Chemical Reactions," American Physical Society Meeting, 
Baltimore, Maryland, March 26, 28, 1962. 

C. R. Baldock, "Some Unique Applications of Negative Ion A4ass Spectra," ASTM Committee E-14 
on Mass Spectrometry, New Orleans, Louisiana, June 3-8, 1962. 

C. R. Baldock, "Mass Spectrometry," Health Physics Society, Chicago, Illinois, June 10-14, 
1962. 

C. E. Melton, "The Study of Chemical Reactions with a Mass Spectrometer," The Graduate School, 
Vanderbilt University, Nashville, Tennessee, November 2, 1961. 

C. E. Meltori, "Ionization and Excitation in t h e  Mass Spectrometer," The Graduate School, Uni- 
versity of Notre Dame, Notre Dame, Indiana, April 13, 1962. 

T. A. Carlson, "Recoil and Charge Spectra Following the P- Decay of ~ e * ~ , "  American Physical 
Society Meeting, New York, January 1762 [BUZI .  Am. Pbys. Soc. 7, 33 (1362)l. 

T. A. Carlson and R. M. White,* "Decomposition of ( c H ~ x ~ ~ ~ O ) '  Following the Beta Decay of 
C H ~ I ~ ~ ~ , "  American Chemical Society Meeting, Washington, D.C., March 1962 [ ~ b s t r a c t s  of Papers, 
141st American Chemical Society Meeting, p 5R, 19621. 

J. F .  Riley, "Modern Concepts of Chemistry," Knox County In-Service Education Workshop, Knox- 
ville, Tennessee, August 22, 1761. 

J. F. Riley, "Teaching Methods 62 Moderll C ~ I C I I I ~ ~ L I ~  ," ICnox County In-Sor~ricp Frl~irat inn Workshog. 
Knoxville, Tennessee, August 23, 1961. 

J. F.  Riley, "The Chemical Bond Approach," Knox County In-Service Education Workshop, Knoxville, 
Tcrtnessee, August 24, 1961. 
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