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Studies of Fundamental Properties of Rutherfordium (Element 104)

Using ,Organic Complexing Agents

by

Ken R. Czerwinski
u,

Abstract

. Chemical properties of rutherfordium (Rf) have been investigated with the

organic ligands triisooctylamine (TIOA), tributylphosphate (TBP), and

thenoyltrifluoroacetone (TTA). The TIOA studies showed that Rf behaves

differently than Th and Eu and most similarly to Zr, only Zr and Rf extract from 12

M HCI. This result is further evidence that Rf is a Group 4 element. Studies with

TBP showed that Rf chemical behavior differed from the other Group 4

elements. The extractior_ by TBP at different chloride concentrations showed

that Rf at times behaves more like Pu 4+ than Zr or Hf. At high chloride

concentrations, Rf and Pu extraction decreased. Under the same conditions, Zt',

Hf and Th extraction increased, in addition, Rf extraction by TBP was affected

by hydrogen ion concentration, while Zr and Hf extraction was not. TTA

..×tractions were used to determine the Keq, Khyd, and the ionic radius of Rf.
.P.'

The log Keq for Rf with 'TTA was calculated to be 3.18 i 0.90. The first four log

Khyd'S for Rf are calculated to be -2.6 _:0.7, -5.9 ± 1.7, -10.2 :_2.9, and -14.5 _:

4.1. These hydrolysis constants indicate that Rf will not hydrolyze at conditions

under which Zr, Hf, and Pu will. Calculations of the ionic radius were made with

the log Keq for Rf derived with TTA. The ionic radius of Rf was calculated to be

" 91 ± 4 pm for the 6-coordinate species and 102 ± 4 pm for the 8-coordinate

species. A search for the isotope 263Rf was conducted using TTA chemistry. In

300 experiments, seven SF events and no alpha events were observed in the

Rf chemical fraction. The observed SF events were attributed to 263Rf and had

+ 300
a half-life of 500 --200 seconds and a production cross section of 140 -+ 50 pb.
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_pter 1: introduction

A. Background

When examining elements, scientists typically took atltwo aspects' the

electrons and the nucleus. In scientific investigation_, these are usually

examined separately. Chemists typically concern themselves with lh6

- intet'actions of the atomic electrons. Stability of the electron configuration

determines chemical properties such as oxidation state, metal-ligand

complexation, metal-ligand solution species and other chemical properties

exhibited by the element or molecule. Research on the properties of the

nucleus is usuatt!/thr,, realm of physics and nuclear chemistry, which delve into =

nuclear structure, decay modes, masses, and other physical characteristics

displayed by the nucleus,

However, in research on the chemistry of the heavy elements, the distinction

between investigations of the nucleus and the electrons becomes blurred and

interdependent. This is the realm of radiochemistry, the chemistry, involved with

the study of radioactive isotopes. Radiochemistry is vital to heavy element

research. One can only investigate the chemical properties of a heavy element

after identifying some nuclear properties, e.g., half-life, decay modes and

energies of emitted radiations, have been determined. In addition, the nuclear'

properties of a heavy element nucleus can be further studied by utilizing

chemistry as a teel to separate the desired element from the wide range of

interfering product nuclei usually made in the nuclear reactions. Chemistry can

also be used in the investigation and identification of new isotopes of the heavy

elements.

Study of the transactinide elements (Z > 103) is a difficult matter clue to the

nature of the transactinide elements and the additional problems encountered

when producing elements via heavy ion reactions which have very small cross



_._ections.The isotopes of rutnerfordium decay by both alpha and spontaneous

fission (SF). Spontaneous fission is the break up of a heavy nuclei into two

lighter nuclei and neutrons. The known isotopes of the transactinide elements

ali have very short half-lives. For example, the longest-lived isotope of

rutherfordium (element 104)is 65-second 261Rf (Table 1). The short half-life of

this isotope makes chemical experiments extremely difficult. To effectively study

the chemistry of 261Rf, chemical procedures must be carried out in a time

comparable to the half-life. Additionally, the resulting samples must be suitable

for radiation measurements. The isotope 261Rf, produced via the

248Cm(180,5n) reaction, has a cross section of only 5 nb and is produced on an

atom-at-a-time basis at an accelerator [GHI70]. The low production rate further

complicates rutherfordium chemistry by requiring repetitive and often tedious

chemical procedures in order to obtain results of statistical importance.

Table 1. Isotopes of Rutherfordium

Mass Number Half-Life Decay Mode and
o_-Particle Energies (MEV)

253? =1.8 s SF, o_?

254 ? 0.5 ms SF

255 1.7 s SF

256 7 ms SF, o_(8.81)

257 4.7 s o_(8,77, 9.01, 8.95, 8.62)

258 12 ms SF

259 3.4 s o_,SF (8.77, 8.86)

260 20 ms SF

261 65 s o_(8.29)

262 52 ms SF
Reference [WAL89]

2



The heavy ion reaction used to produce 261Rf also yields a legion of

actinides, many decaying byalpha emission. The 261Rfmust be separated

from these alpha emitters since the rutherfordium is detected by its alpha decay.

In addition, detection of the 261Rf daughter, 257N0(Figure 1), can be used to
.

verify the presence of the parent 261Rfonly if any 257N0 directly produced via

the 248Cm(180, o_5n)reaction has first been removed. This limits the type of

chemistry that can be performed to easily repeatable, rapid actinide-

transactinide chemical separations from which thin samples for alpha

spectroscopy can be quickly prepared.

m i i i, _,. , i .. iii . ,, • ii ,.,,.wm._,_.mm,,,_.Bm.._w

Figure 1. 261Rf Decay Scheme

8. 65 s

881 26s
22 Me
27 MeV

f 8.3:2 MeV

To comply with these mentioned limitations, liquid-liquid extractions with a

variety of organic soluble ligands were performed on 261 Rf and its lighter

: homologs. In addition, polydentate ligands were synthesized and tested with

the rutherfordium homologs. Comparison of the chernical properties of

=
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rutherfordium to its lighter homologs is a powerful tool in understanding the

chemical properties of rutherfordium. For example, by studying the solvent

extraction properties of rutherfordium and comparing them to the extraction

properties of its lighter homologs, zirconium and hafnium, information about, the

extracted chemical species, complexing cbility, and ionic radius of

rutherfordium can be obtained.

Comparison of the chemical properties exhibited by rutherfordium and the

other transactinide elements with those of the lighter homolog elements can

help in determining whether relativistic effects are important in defining the

chemical properties of the transactinide elements. The relativistic effects arise

from the high nuclear charge of the transactinide elements and may change the

relative stability of the 7s, 6d and 7p valence electrons. This, in turn, may alter

the expected ionic radius. A recent review of relativistic effects [PYY88] states

that the P2/3,d and f electrons will be shielded from the high nuclear charge by

the contraction of the s and Pl/2 orbitals. The influence of relativistic effects on

atomic orbitals should be contraction and energy stabilization of the s and Pl/2
i

orbitals and increased radial extension and energy destabilization of the d and f

orbitals. These effects are believed to be of the same order of magnitude and

increase as Z2.

Calculations of lawrencium atomic electronic structure based on

multiconfiguration Dirac Fock (MCFD) calculations predicted a relativistic

stabilization of the 7pl/2 orbital [BRE84], [DESS0], and a [Rn]5f147s27p1/2

electronic structure for lawrencium, the last of the actinides, rather than the

[Rn]5f146d7s2 configuration expected by extrapolation from Lu (the last of the

lanthanides) which has the configuration [Xe]5f146d7s2. Based on the

lawrencium results, it was proposed that rutherfordium should also contain an

occupied stabilized 7p orbital [KEL84], and should have the electronic structure



[Rn]5f147s27p2 rather than the [Rn]5f146d27s2 structure analogous to the

electronic structure of hafnium [Xe]5f146d27s2.

However, recent MCDF relativistic calculations [GLE89] using 468 j-j

couplings indicate that the ground state of the neutral atom should be

[Rn]5f146dTs27p (80%) with a [Rn]5f146d27s2 state 0.5 eV above the ground

state. The [Rn]5f147s27p2electronic configuration is calculated to be 2.9 eV

above the ground state. Other MCDF calculations also support

[Rn]5f146d7s27p as the ground state electronic configuration for rutherfordium

[JOH90].

B. History

Soviet and American researchers have come to an impasse concerning the

resolution of the priority of discovery of the transactinide elements with Z=104

and 105 [HYD87]. This conflict stems from differing claims by scientists from the

Joint Institute for Nuclear Research at Dubna in the Soviet Union and the

Lawrence Berkeley Laboratory (LBL)in the United States. Each group has

claimed discovery of elements 104 and 105 and has proposed different namas.

For element 104, the Soviet discoverers [FLE64] proposed the name

kurchatovium (Ku), and claimed to have produced a 300-ms 260Ku, which

decays by spontaneous fission. The half-life was later reduced to 80 ms and

then 20 ms [HYD87]. They claimed it was produced via a 244pu(22Ne, 6n)

reaction. The Berkeley discovery group [GHi69] proposed the name used in this

paper, rutherfordium. The Berkeley team claimed to have produced 257Rffrom

the reaction of 12Cwith 249Cf. The claim to priority of discovery is still in

dispute, over 20 years after the fact. IUPAC has sought to solve the naming

problem by introducing a contrived naming system to be used for the

transactinide elements until discovery is assigned and flames are approved.

The system, however, is unlikely to be implemented by any transactinide



research team. Currently, papers submitted by the Dubna team use the symbol

Ku while the LBL and related researchers utilize Rf as the symbol for element

104. Experience has dictated that when the Dubna and LBL researchers meet,

the symbols are dropped and "element 104" is used.

The first chemical studies to be done on the new element rutherfordium were

in the gas phase. In 1966 the volatility of Group 4 tetrachlorides was studied

with a gas chromatographic technique [ZVA67]. In this method, the

rutherfordium and other reaction product atoms were chlorinated with TiCI4 or

SOC!2 prior to entering a chromatographic column. A temperature gradient was

established in a section of the column. The gradient section was lined with

mica track detectors to detect SF fragments. A 0.3-s SF activity, assumed to be

260Ku produced via the 242pu(22Ne,4n) reaction, was found to behave

similarly to hafnium and zirconium and deposit in the same section of the

column, while the actinides deposited earlier. "this experiment showed the

similar volatilities of the chloride species of zirconium, hafnium, and

rutherfordium, indicating they have similar chemical properties and belong in

the same element group [ZVA67], [ZVAT0].

However, the 1966 chromatography experiments could not have detected

an 80-ms SF activity as the column used in the experiments had a 1.2 second

transit time for the volatile chlorides. In retrospect, Zvara and coworkers

[HYD87] later claimed these experiments actually measured 3-s 259Ku, which

would have survived the transit through the thermochromatography column.

]'his revision is not consistent with the originai description of the experiments

where it was stated "positively that the half-life could not be 3.7 s" [SEA90].

Because of such inconsistencies, many regard these experiments as not

providing satisfactory evidence for the discovery of element 104 [HYD87].



Solution chemistry on rutherfordium was first performed in 1970 after the

discovery of 261Rf[SIL70]. The isotope 261Rf(T1/2 = 65 s) was first produced at

Berkeley by the 248Cm(180,5n) reaction [GHI70]. In the initial solution

chemistry experiments, 281Rf was eluted from a cation exchange resin column

with 0.1 M ammonium o_-hydroxyisobutyrateat pH 4, together with zirconium

- and hafnium [SIL70]. The results showed that rutherfordium acted chemically

similar to the Group 4 elements zirconium and hafnium, by forming species not

absorbing on the cation exchange resin, while the trivalent actinides sorb on the

cation exchange resin under these conditions. The formation of anionic

rutherfordium chloride complexes was studied in additional experiments

[HUL80]. The chloride complexes of hafnium, curium, fermium, and

rutherfordium were tested for their relative absorption on a column containing

quaternary amines held on an inert support. The results showed that

rutherfordium and hafnium formed similar anionic chloride species in 12 M HCI,

chemically unlike the trivalent actinides wtlich did not.



_h_.._p.i._..E_.2;Expe_rimental. Procedures

A. Cyclotron-Produced Isotopes

1. Target System

Ali irradiationswere carried out at the LBL 88-Inch Cyclotron. A schematicof

the target systemisshown in Figure2. The beam entersthe targetsystem

througha 6-mm collimator,whichdefinesthe diameter of the beam enteringthe

target. Next, the beam passesthrougha Havarvacuum isolationwindow

(1.8 mg/cm2),whichseparatesthe targetsystem from the cyclotronvacuum.

The beam passesthroughthe nitrogengas (0.2 rag/cre2), used to coolthe target

and then strikesthe Be targetbacking (2.75 mg/cm2) and finally enters the

target material. The beam is stoppedin a graphiteblock mountedon the back

plate of the targetchamber. The beam stopand the collimator are water cooled

to preventheat build up due to the beam. The beam energies incidenton the

target were calculatedfrom rangetables [NOR70], [HUB90].

2. Target Preparation

Ali the various targets were prepared in the same manner. Chemical

purification of some of the target materials was done prior to target preparation.

The target material was converted to the nitrate form by evaporation in 2 M

HNO3. The nitrate salt was dissolved in 2 mL of isopropanol. The target

material was electrodeposited in 50 p.g/cm2 layers onto a 1 mil (2.75 mg/cm2)

thick Be foil. The target diameter is 6 mm, the diameter of the electroplating

chimney. The deposition was carried out by applying a voltage of several

hundred volts and a current less than 6 mA [AUM74], [EVA72], [MUL75]. The

isopropanol solution was stirred by attaching the plating electrode to the center

of a small speaker. The vibrating speaker mixed the solution.

After deposition of each nitrate layer, the target was dried under a heat lamp

and baked in an oven at 450.-500°C for 30 minutes to convert the deposit to an



oxide. The deposition was continued until the desired target thickness was

achieved. The target thickness was determined by measuring the decay of the

target material or an added 241Am tracer.
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Figure 2. Target System
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3. Gas.Jet Transport System

The recoiling product nuclei were transported to the chemistry collection site

via a helium KCI gas-jet transport system. The KCI aerosols were generated by

. heating crystalline KCI in a quartz tube over which helium gas was passed. The

KCI clusters were swept out of the quartz tube by the helium and moved into a
m

presorter capillary, where the larger KCI aerosols were removed from the

helium gas flow. The presorter capillary is a 5 meter length of 2.2 mm diameter

polyvinyl chloride tubing wound into several coils of 15 cm diameter.



The aerosols were then transported to the target chamber via a 1 cm

diameter tygon tube. The aerosols were restricted to a small area behind the

target where the recoils attached to the aerosols. They were then transported

via 7 meters of polyvinyl chloride tubing to the collection site in a hood. The

entrance to this polyvinyl chloride transport tube inside the target system is 2 cm

behind the target.

The chemistry collection site was inside a small lucite box in the corner of a

hood near the cave where the irradiations are conducted (the Cave 0

mezzanine chemistry hood at the 88-Inch Cyclotron). The aeros,',_scontaining

recoil nuclei were collected under vacuum from the end of the capillary on a

teflon square. There were four rotating collection sites on the periphery of a 30

cm diameter circular brass plate. The collection sites were rotated by

disengaging the vacuum with an electric solenoid valve. A SF/alpha detector

was placed at the collection site to monitor any alpha or SF activity which would

indicate a target rupture. The collection site, with the product nuclei and the

collected KCI aerosols, could be moved in front of the chemist to perform

experiments. Collection time and collection site movement were manually

controlled by the chemist. Fast chemistry was performed in the Cave 0

mezzanine hood, and samples were made for alpha or gamma spectroscopy as

described.

Studies were conducted to determine optimum conditions for maximizing the

yield of the gas-jet transport system. The variables studied were the polyvinyl

chloride tube diameter from the target chamber to the collection site (2.2 mm or °

1.2 mm) and the oven temperature. The ability to vary the He gas pressure is

restricted. The He gas pressure at the target needs to be 3 psi, since the

nitrogen cooling gas is also 3 psi. A significant difference in the two gas

pressures would strain the target backing and might cause it to rupture.
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The gas-jet yield was studied using 213Bi recoiling from a 225Ac (3x10 4

dpm) source (Figure 3). The transport of Bi by the gas-jet should not differ

significantly from the transport of the recoil nuclei from the reactions being

studied. The recoil source simulated the product nuclei recoiling from a
I

nuclear reaction, and was in the He/KCI gas-jet flow between the KCI oven and

. the chemistry collection site. The 213Biwas monitored by its 5.87 MeV alpha

activity. A direct catch of the 213Biwas done to determine 100% transport. The

direct catch was accomplished by placing a tantalum foil 1 cm in front of the

recoil source and collecting for 5 minutes. The activity on the foil was counted

and a 100% decay rate was determined. The gas-jet oven temperature and

capillary diameter from the recoil site to the chemistry collection site was varied.

A series of five minute collections were conducted for each experiment.

The first variable examined was the capillary diameter from the recoil source

to the collection site. The capillary is polyvinyl chloride and was often changed

between cyclotron experiments. Two sizes of capillaries were studied, one

having an inner diameter of 2.2 mm, the other with a 1.2 mm inner diameter.

The larger capillary was used for gas chemistry studies; the smaller capillary

was employed during aqueous chemistry studies. The results, presented in

Table 2, show that the 1.2 mm inner diameter capillary gives a larger yield. The

temperature listed is the temperature of the gas-jet oven. The gas flow is given

: in liters per minute.

The reason for the higher 213Biyield with the smaller capillary is due to the

lower gas flow rate associated with the smaller capillary. The KCI spot, which

contains the recoil activity, increased with capillary size. Inspection showed that
m

the larger KCI spot tends to create KCI flakes wtlich can be removed from the

collection site by the vacuum.

11
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Table 2. Effect of Capillary Size on Gas.Jet Yield

Capillary Size Temp. Gas Flow Yield
(mm) (°C) (L/m) (%)

1.2 670 2.92 88.6±1.6

2.2 670 6.40 41.1±1.1

B

An experiment in which the gas flow in the 1.2-mm capillary was varied

shows that an increase in gas flow decreases the gas transport yield. This is

due to the increased KCI flaking associated with a thicker KCI spot. The amount

o of KCI deposited is proportional to the gas flow. The results from these

12



experiments are presented in Table 3. "l"hepressure, in pounds per square

inch, would be the pressure on the target from the He/KCI aerosol gas-jet.

The results of the experiments indicated that the use of 1.2 mm diameter

polyvinyl chloride tubing for aerosol transport from the recoil chamber to the
w

chemistry collection site increased the gas transport yield. Additionally, little

yield is lost by holding the gas pressure to 3 psi on the target.

-- , i,J ,,, , ., ,, ,.,.... _ ...,, ii

Table 3. Effect of Gas Flow on Transport Yield

Temp Gas Flow Pressure Yield
(°C) (L/m) (PSI) (%)

670 2.92 3 88.6+1.6

670 3.46 4.5 48.1+1.2

670 4.00 6 38.3._1.1

To further maximize the gas-jet yield, the effects of oven temperature were

studied. The amount of KCI in the aerosol increases as the oven temperature

increases. Figure 4 shows the effect of oven temperature on gas-jet yield. The

gas-jet yield reached a maximum at 650 °C, with a gas-jet yield of 95.7%. From

the experiments, it was found the gas-jet yield was maximized using an oven

temperature of 650 °C and a 1.2 mm polyvinyl chloride capillary to transport the

KCI aerosols from the target chamber to the chemistry collection site. Under

" these conditions, the He gas flow was = 3 L/m and the gas pressure on the

. target from the He was 3 psi. These gas-jet conditions were used to transport

the recoil nuclei in ali cyclotron experiments.

The mass of KCl deposited as a function of time was determined by titration

with excess AgNO3 and NaSCN. Iron in the form of Fe(NO3)3 was added as an

13



indicator. Iron forms a red Fe(SCN)3 complex at the titrat;,onend point. The

chloride from the KCI forms AgCI, The excess silver forms AgSCN. The SCN-

anion preferentially complexes the Ag, and the Fe(SCN)3 complex forms after

ali the silver is complexed, thus determining the end point [YOU53],

i ii .-- II --- i lj _ IL _ • • _ ii

Figure 4. Effect of Oven Temperature on Gas Transport Yield
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The mass of KCI was determined for the conditions of maximum gas

transport yield: an oven temperature of 650 °C; a 1.2 mm polyvinyl chloride

capillary; He gas flow = 3 L/m; and the He gas pressure on the target of 3 psi.

The KCI was allowed to collect on glass cover slips for 10 minutes. The cover

slips were washed three times with 50 p.Lof water. The washings were .,

transferred to a 1 mL glass centrifuge cone and 50 p.Lof 0.9997 M AgNO3 and

excess Fe(NO3)3were added. A 1.001 M NaSCN solution was added in 2 IJ.L

increments and mixed. The NaSCN solution was added until the end point was

14



reached. The results showed 308.3 + 25.1 l_gof KCI was deposited during the

10 minute collection.

4. Isotope Production

a. 261Rf

The isotope 261Rf was produced via the 248Cm(180 5+, 5n) reaction. The

• reaction has a cross section of 5 nb with 98-MEV 180 ions [GHI70]. The 180

beam kntensityaveraged 0.5 particle microamp (p_A). The 261Rf production

rate with this beam intensity and target was 0.9 atom/minute. The target

material, 248Cm203, was prepared by the electrodeposition of 248Cm(NO3)3on

Be foi[ using the molecular deposition technique as described in Section 2.A.2.

The 248Cm was separated from its 244pu daughter by elution from an anion

exchange column with 12 M HCI. The 12 M HCi eluant, containing the purified

248Cm,was taken to dryness under a heat lamp. The target thickness was

determined by measuring the 5.078-MEV alpha of the 248Cmtarget material.

The final thickness of the 248Cmused for the production of 261Rf was 0.74

mg/cm2.

b. 162Hf

Hafnium is the third row member of the Group 4 elements. As a Group 4

element, it is a homoiog of rutherfordium. The chemistry of hafnium was studied

as a model for the cLemistry of rutherfordium. Extrapolation from the chemistry

of hafnium can be used to infer the chemical properties of rutherfordium.

The 162Hfwas produced via the 147Srn(22Ne6+,7n) reaction at the 88-Inch

• cyclotron for extraction studies witt_2-thenoyltrifluoroacetone (TTA). ]'he target

rnateria[, 147Sm203 (0.26 rag/cre2), was made by the electrodeposition

technique as described in Section 2.A.2. The reaction cross section is 10 mb

for 140-MEV 22No ions. The average beam intensity was 0.5 p#A,

15



The 147Sm starting material was the oxide, which was converted to the

nitrate in concentrated nitric acid. The solution was evaporated and dissolved

in isopropanol. Tracer 241Am was added to determine the target thickness.

The final target was electroplated as described in Section 2.A.2. The final

147Smtarget thickness was 0.26 mg/cm2. The 162Hf photopeaks were

measured using a GeLi spectrometer system. Ali gamma photopeak

measurements for the 162Hfwere done at the 88-Inch Cyclotron immediately

following separation. The 162Hfdecay information is given in Table 4.

Table 4. 162Hf Decay Information

H61f-Life Decay Mode y-Ray Energy Intensity
(keV) (%)

37.6 s EC, 8+ 173.9 100

196.3 25

c. 169Hf

The isotope 169Hfwas produced via the natGd(1805+, xn) reaction, with x =

4-7, for extraction studies with tributylphosphate (TBP). The target material,

natGd203, was made by the electrodeposition technique from an isopropanol

solution [AUM74], [EVA72], [MUL75], as described previously.

The starting material was Gd203, which was converted to the nitrate in

concentrated nitric acid. The solution was evaporated and dissolved in

isopropanol. Tracer 241Amwas added to determine the target thickness. The

final natGd target thickness was 500 #g/cm2. The reaction cross section was 10

mb with 98-MEV 180 ions. The average beam intensity was 0.5 pl.tA. The same

180 beam energy was used as in the 261Rf production reaction so the cyclotron

beam energy would not have to be changed. The 169Hfdecay information is

16



given in Table 5. The 169Hf photopeaks were measured with a GeLl

spectrometer system.

Table 5. 169Hf Decay Information

Half-Life Decay Mode ?-Ray Energy Intensity
(keV) (%)

=

3.25 m EC, B+ 369.5 10.3

492.9 88.9

B. Tracer Solutions

Ali tracers were stored in acid solutions in polypropylene centrifuge cones.

The acidity of these solutions was kept as high as allowed by the experiments to

be conducted (usually > 6 M) in order to prevent hydrolysis. The tetravalent

metals are prone to hydrolysis and may polymerize during long storage in low

acid concentrations. The solutions were stored in polypropylene rather than

glass since oxidized tetravalent metal ions in solution can adhere to glass. The

acid concentration of the final experimental stock solutions was adjusted by

evaporating the solution to dryness and redissolving the radiotracer in a

solution of the desired acid concentration. The specific activities of the tracer

solutions varied with the isotope. Total solution volumes were usually 500 I_L

each of the organic and aqueous phases. The decay information for the tracers

is listed in Tables 6 and 7. The electronic structures for the neutral atoms and

,, ionic radii for various coordination numbers and oxidation states are listed in

Table 8.
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Table 6. 95Zr, 95Nb, and 152Eu Decay Information

Isotope, Half-Life Decay Mode _,-Ray Energy Intensity
(keV) (%)

95Zr 64.02 d B- 756.7 55.4

724.2 43.7 .

95Nb 34.97 d B- 765.8 99.9

144Ce 284.6 d B- 80.1 1.7

133.5 10.8

152Eu 13.3 y EC, 13+,13- 121.8 28.4

344.3 26.6

778.9 13.0

964.1 14.6

1058.9 10.2

1112.1 13.6

1408.0 20.8

172Hf 1.87 y EC 24.0 20.4

125.9 9.1

Reference [REU83]

Table 7. 228Th and 238Pu Decay Information

Isotope Half-Life Decay Mode {x-Particle Energy Intensity
(years) (MEV) (%)

228Th 1.91 (z 5.34 26.7

: 5.42 72.7

238pu 87.7 o_ 5.45 28.7

5.50 71.7 "

Reference [LED78]
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Table 8. Neutral Atom Electronic Structure and Ionic Radius

Element Electronic Oxidation Coordination Ionic
Structure States Number Radius

(pm)

Zr [Kr]4d25s2 ' 4+ 4 59

. 6 72

8 84

Ce [Xe]4f15d16s1 4+ 6 87
L

8 97

Eu [Xe]4f76s2 3+ 6 95

Hf [Xe]4f145d26s2 4+ 4 58

6 71

8 83

Th [Rn]6d27s2 4+ 6 94

8 105

Pu [Rn]5f67s2 4+ 6 86

8 96
Reference [SHA76]

1. 95Z r

Zirconium, the second row Group 4 element, is a lighter homolog of

rutherfordium since it is a member of the same group. As with hafnium, the

chemistry of zirconium was studied as a model for the chemistry of

" rutherfordium. A major difference between zirconium and the heavier Group 4

elements is that zirconium lacks occupied f-orbitals.

The daughter of 95Zr, 95Nb, was also studied during the zirconium extraction

experiments. The 95Nb was not purified from the 95Zr and was present in ali

tracer solutions. Some zirconium chemical separations will also separate
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niobium. Niobium, a Group 5 element, is a hahnium (element 105) homolog.

The 95Zrwas used in the extraction studies of trialkylamines, TBP and TTA.

The isotope 95Zr is a fission product and was obtained from a variety of

sources. New England Nuclear provided the initial 95Zr samples in oxalic acid

solutions. This solution was evaporated and redissolved in 10 M HCI solution

and stored in a polypropylene centrifuge cone.

The isotope 95Zr was also made by fission of uranium utilizing neutrons

produced during proton bombardments at the 88-Inch Cyclotron. Samples of

natural uranyl nitrate were enclosed in polypropylene centrifuge cones and

mounted behind the beam stop outside the target chamber. The secondary

neutrons produced by the light ion reaction caused fission of the uranium and

95Zr was separated from the fission products. The uranyl nitrate was dissolved

in 12 M HCI, and the 95Zr was extracted into 1.0 M triisooctylamine (TIOA) in

benzene. The TIOA was then washed with 4 M HCIto remove the 95Zr. The

acid solution containing the 95Zr was evaporated and reclissolved in enough

12 M HCI so the specific activity of the solution was 10 nCi/50 t.LL.A total of 400

nCi of 95Zr was produced via this method, enough for 40 extraction

experiments. _

Samples of 95Zr were also obtained from Los Alamos National Laboratory in

the form of isotopically pure 95Zr embedded in aluminum foil during isotopic

separation. The zirconium had been chemically separated from the other

fission products prior to the isotope separation. The 95Zr was separated from

tile aluminum foil by dissolving the portion of the foil with the 95Zr in 12 M HCI. ,,

The 95Zr was extracted into 0.25 M TBP in benzene, leaving the aluminum in

the aqueous phase. The TBP solution was washed with 4 M HCI to remove the

95Zr from the organic phase. The acid solution was evaporated to dryness and

the 95Zr redissolved in enough 12 M HCI to make a solution with a specific

2O

,p_ ,, i r ,i 4 i, , i, 11,,, _ _ ,t, , lp i p,_,, i ,, i_ , , i_p
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activity of 10 nCi/50 I_L. The amount of 95Zractivity isolated from the foil was

about 320 nCi.

2. 144C e

Cerium is the first member of the lanthanide series. Cerium, like the other

lanthanides, has a 3+ oxidation state. However, under basic conditions, the 4+

oxidation state predominates due to stabilization by the dioxide state [GRE84].

Cerium extraction was studied with the synthesized LICAM (Linear Catecholate

AMide) ligands in basic solutions.

The isotope 1440e is a fission product, and was purchased from Isotope

Products (Burbank, CA) irt 6 M HCI solution. The 144Ce solution was

evaporated ard redissolved in 0.2 M HCI with no further purification. Enough

0.2 M HCI was added to give a stock solution with a specific activity of 360

nCi/30 pL. The 144Cewas measured by gamma spectroscopy.

3. 152Eu

Europium is a member of the lanthanide series and was used as a trivalent

actinide homolog, lt was important to study the chemistry of the trivalent

lanthanides to determine if the separations would be free of trivalent actinides.

Europiurn has a stable 3* oxidation state, but can be reduced to the divalent

state. No europium reduction was conducted and only the trivalent state was

used in these experiments.

The isotope 152Euis a fission product and was purchased from Isotope

Products in 4 M HCI. The 152Euwas used in the LICAM experiments and the

• trialkylamine extractions. The stock solutions were made by evaporation of the

original solution and redissolving the 152Euin as concentrated HCI solution as

possible without any chemical purification of the resulting sample. The resulting

152Eustock solutions had a specific activity of 36 nCi/30 pL. The 152Euwas

measured by gamma spectroscopy.
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4o 172Hf

The isotope 172Hfis a spallation product of high energy protons on bismuth

and was obtained from Isotope Products in Burbank, CA. The original storage

solution was 6 M HCI. The stock solutions were made by evaporation of the
-A

original solution and redissolving the 172Hfin 12 M HCI solution without any

chemical purification of the resulting sample. The resulting 172Hfstock

solutions had a specific activity of 10 nCi/50 _L. The 172Hfwas measured by

gamma spectroscopy and was used in the TTA extraction studies.

5. 228T h

Thorium is the first member of the actinide series. Unlike the lanthanides,

some members of the actinide elements have stabJetetravalent states, of which

thorium is an example, lt exhibits only the 4+ oxidation state in aqueous

solution. Thorium is not a true rutherfordium homolog, since it is not a member

of the Group 4 series. However, since thorium has a tetravalent oxidation state

like rutherfordium, it may have similar chemical properties. The use of

tetravalent actinides for chemical comparison to rutherfordium was initiated

since it has been shown that under certain conditions, protactinium behaves

similarly to hahnium [GOB91], [GRE91], [KRA89]. The pentavalent oxidation

state is the stable oxidation state for both protactinium and hahnium.

The isotope 228Th is a naturally occurring radioactive isotope of the 232Th

chain. A 228Thstock solution was prepared in 6 M HCI. The 228Th stock

solutions were evaporated and redissolved in as concentrated HCI solution as

possible. Enough HCI was added to give a specific activity of 360 nCi/30 p.L. "

The 228Thwas used in the diethylenetriaminepentaacetic acid (DTPA), TIOA,
.,,,,

TBP and TTA studies. The 228Th was measured by alpha spectroscopy. Two

methods of alpha spectroscopy were employed. One method used thin

samples made by evaporation. These samples were slowly evaporated on
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tantalum foils under an infrared lamp and flamed in a burner to red heat. The

resulting thin samples were then counted with Si surface barrier detectors for

alpha activity. The other method involved alpha scintillation spectroscopy. The

sample solutions were added to 10 mi_of Ecolite scintillation fluid and counted
II,

irl an alpha scintillation counter. Corrections for quenching were obtained by

, counting known activities of 228Th samples in different solutions.

6. 238p u

Plutonium, like thorium, is a member of the actinide series. The stable

oxidation state of plutonium is 4+, but other oxidation states can be prepared.

Like thorium, plutonium is not a true rutherfordium homolog, since it is not a

member of the Group 4 series. Tetravalent plutonium was used in the studies

for the same reasons as thorium.

The 238Pu was prepared in a 6 M _:HCIsolution. The 238Pu stock solutions

were evaporated and redissolved in a'12 HCI solution. Enough HCI was added

to give a specific activity of 360 nCi/30 pL. "The238Pu was measured by the

same alpha spectroscopic methods as 228Thand was used in the TIQA, TBP

and TTA studies.

C. Radiation Detection

Ali samples were assayed for radioactivity to determine the distribution

coefficient or percent extraction. The isotopes 95Zr, 144Ce, 152Eu, 162Hf, and

169Hfwere assayed for gamma activity with either lithium drifted germanium or

intrinsic germanium detector. A Canberra System 100 spectometer was used

" for data acquisition and analysis.

The alpha-emitting isotopes 228Th and 238Pu were assayed by two

methods. Tnin samples were assayed with surface barrier or passivated ion-

implanted planar silicon (PIPS) detectors. An ORTEC ADCAM acquisition

system was used for data acquisition and analysis. A second method for
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assaying alpha activity was scintillation. A Wallac 1219 Liquid Scintillation

Counter was used with samples in Ecolite scintillation fluid. Data analysis was

done with the accompanying DataMaster software. Detection of rutherfordium

was done with a PIPS detector using our Realtime Acquisition Graphics System
4

(RAGS) acquisition software [LAR87],

J
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Ch_ptQr 3. Chemical Properties ,,of Rutherfordium

A. Introduction

The chemical properties of elements can be studied in a variety of ways.

Usual spectroscopic methods rely upon the interaction of the element or

complex with photons (lR, UV-Vis, X-ray diffraction, etc.), a magnetic field

• (NMR), or solution (titration). However, for the study of transactinide elements

the aforementioned methods do not have the sensitivity required for atom-at-a-

time chemistry. The transactinide elements can only be detected by their

radioactive decay using current methods. This fact dictates the experimental

methods used in transactinide research.
I

The chemistry of rutherfordium arid i{s homologs was explored using organic

ligands in liquid-liquid extraction ,,ysterns. The metal-ligand complex created is

soluble in the organic phase. The aqueous phase was varied to study the effect

on metal ligand complexation. Counting the radioactivity in each phase

determined the amount of metal bound by the ligand. Insight into the chemistry

of rutherfordium was achieved by comparing its behavior with those of its

homologs.

El. Catechol Ligands

1. Introduction
,.

Catechol based plutonium complexing agents have been developed in

response to the biological hazards associated with plutonium contamination.

Once ingested, only a small amount of plutonium is excreted from the body.

The chelating agent diethylenetriaminepentaacetic acid (DTPA) is currently

' . used for plutonium detoxification. Unfortunately, DTPA is a nonspecific ligand

removing many soluble metals from body fluids [COH75]. Additionally, DTPA is

unable to remove plutonium once it has left circulation or after hydrolysis of the
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metal has occurred [SMi72]. Synthesis of a plutonium specific ligand was

undertaken to overcome these problems.

In vivo, plutonium has a tetravalent oxidation state. In mammals, Pu4+and

Fe3+ have similar transport properties. In the body, plutonium becomes bound
.g,

to ferritin, an iron storage protein in liver cells. Eventually, plutonium is

incorporated into long-term iron storage sites [DUR75], [TAY72]. A reason for

the common behavior of Pu4+ and Fe3+is their comparable charge per ionic

radius ratio (4.2 and 4.6 e/,& respectively). In addition, both Pu4+and Fe3+ form

highly insoluble hydroxides (Table 9) [RAY84]. However, tetravalent plutonium

is usually eight coordinate, while trivalent iron is normally six coordinate.

i i,i ,,

Table 9. Pu4+ and Fe3+ Hydroxide Data

Fe(OH)3 e->Fe3+ + 3OH" K = 10.38

Fe3+ + H20 e.->Fe(OH)2++ H+ K = 0.0009

Pu(OH)4 e-_Pu4+ + 4OH K = 10.55

Pu4+ + H20 {--->Pu(OH)3++ H+ K = 0.031 (in HCIO4)

The similarities of Pu 4+ and Fe3+offer a biomimetic approach to

development of a tetravalent plutonium sequestering agent. Siderophores, low

molecular weight iron chelators produced by bacteria, can be used as models

for a tetravalent plutonium sequestering agent. Siderophores usually contain

hydroxamate or catecholate functional groups (Figure 5). The functional group

complexation usually forms chelate rings which increase the stability compared

to complex formation of lone oxygen anions [HUH72]. The catecholate

: functional group forms stronger complexes with tetravalent plutonium than the
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hydroxamate anion. This is due to the higher charge and stronger basicity of

the catecholate anion. For this reason, catecholate was chosen as the

functional group for synthetic multidentate chelating agents for the sequestering

of tetravalent plutonium.
, /

. Figure 5. Siderophore Functional Groups

OH

HO 0

II

OH R'N-C-R
R

Catecholate .... Hydroxamate

The series of polydentate catechol ligands synthesized was originally used

for tests on plutonium extraction from mice. The addition of electron

withdrawing groups on the catechol improved the water solubility, stability to air

and actinide affinity of the ligands [RAY84]. In addition, the withdrawing groups

would make the ligands more acidic. The electron withdrawing substituents

employed were sulfinate, nitrate and carboxylate. The synthesized ligands

were tested for complexation with tetravalent cerium and trivalent europium.

DTPA was tested with tetravalent thorium and trivalent europium. The

tetravalent tracer experiments would indicate if the polydentate catechol ligands

would be useful in extraction of rutherfordium. The charge per ionic radius ratio

. for the tracers is given in ]able 10.

2. Syntheses

Intermediate products were monitored by melting point. UV-Vis spectra

were taken on a Hewlett Packard 8450A Diode Array Spectrophotometer.

Infrared spectra (KBr disks) were recorded on a Nicolet 5DX Infrared
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Spectrometer. lH NMR spectra were done on the UBC-200 spectrometer, and

elemental analysis was performed by Analytical Services, Chemistry

Department, University of California, Berkeley. Spermine was obtained from

Ames Laboratories, and 2,3-dimethoxybenzoic acid was purchased from
t

Aldrich Chemical Company.

Table 10. Ce, Eu, and Th Charge Per Ionic Radius

Element Coordination Ionic Radius (A) e/A
Number

Ce 6 0.87 4 6

Ce 8 0.97 4 1

Eu 6 0.95 3 2

Eu 8 1.07 2 8

Th 6 0.94 4 3

Th 8 1.05 3 8
Reference [SHA76]

a. 2,3-Dimethoxybenzoyl chloride (1)

In a 250 mL round-bottom flask, 2,3-dimethoxybenzoic acid (10.2 g, 56.0

mmoi) and SOCI2 (50.0 mL) were heated at reflux under argon for 4 hours

(Figure 6). The SOCI2 was removed by vacuum distillation. This procedure is

shown in Figure 6.

Figure 6. 2,3-Dimethoxybenzoyl Chloride Synthesis

OCH3 reflux __I OCH3

+ SOCI2 .... =

OCH3 Y "OCH3
C=O C=O
! I

OH Ci
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b. N,N',N",N"'-Tetrakis (2,3-dihydroxybenzoyl)-

1,5,10,14-tetraazatetradecane (3,4,3-LICAM) (2)

The procedurefor the synthesisof 3,4,3-LICAM is from Weitl et al. [WEI80]

and shownin Figure 7. In a stoppered flask in a 60 °C oil bath spermine (2.0 g,

9.9 mmol), 1 (8.02 g, 40.0 mmol), l'lEt3 (5.87 mL) and N,N-dimethylacetamide

. (DMAA) (40 mL) were stirred in a 60°C oil bath for 20 hours. The reaction

mixture was evaporated, leaving an oily residue which was partitioned between

H20 and CH2CI2. The CH2CI2 layer was washed with 0.1 M HCI, H20, then 0.1

M NaOH, before drying with MgSO4.

The CH2CIL _ayerwas eluted from an alumina column (101.5 mL resin bed,

column diameter = 2.2 cm) using mixtures of 0-5% MeOH in CH2CI2. Elutions

were done using 100 mL of each MeOH-CH2CI2 solution. The solutions were

0%, 1%, 2%, 3%, 4% and 5% MeOH. The product N,N',N',N"'-Tetrakis (2,3-

dimethoxy- benzoyl)-1,5,10,14-.tetraazatetradecane (3) (methyl protected

LICAM) eluted in 2-4% MeOH solution as shown by TLC (5% MeOH-CH2CI2

solvent). The eluant was evaporated, leaving 3 as a glassy solid.

The glassy solid product was dissolved in CH2CI2 (16 mL). For methyl

deprotection, the resulting solution was added dropwise to 2 mL of

concentrated BBr3 stirring under argon in a 50 mL round-bottom flask in a room

temperature bath. A white precipitate immediately formed and was allowed to

stir for 10 hours.

The white precipitate was hydrolyzed with 50 mL of H20, filtered and H20

washed. The white product which resulted from the hydrolysis was then
_

vacuum dried at room temperature over P205/NaQH. "f'his yielded 3,4,3-LICAMe

(2) (5.25 g, 70.7%): lR (Nujol) 3700-2500 cm-1 CH, OH, 1640-1590 cm -1 CON;

lH NMR (200MHz, D20 ) o)'1.5-2.5NCH2CH2 (broad 8H), _ 3.3-4.3 NCH2 (broad

12H), c37.0-8.0 ArH (broad rn SH)
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_3.&[.Calculated (Found) for C38H42N4012.1H20: C, 59.68 % (60.62 %), H,

5.80°/,,(6.25 %), N, 7.33 % (6.7i %).

Figure 7. LICAM Synthesis

__[_ OCH3 Et3N "

H2N_NT-_.__/N _N H2_ ........ r_-+
' H DMAA

OCH3 H
C=O
I
CI

_-_L _OC OCH3

"OCH_"r_--'_"OCHa_ "OCH;"_"'OCH3C=O C=O
C=O C=O I =I

HN/_NI _N_ NH

" im-'_ OC OCH3 CH2CI 2+ BBr3 - =.

""'I_-'_OCH3".,_OCH_ Y "OCH3_OCH3 H20" C=O C=O
C=O C=O I I

HIN_./_'_/_ N_N H

OH OH _OH _OH_OH __]_ OH OH OH
C=O C=O C=O C=OI II i

HN_N_N__/NH

' " N"'-Tetrakis(2,3.dihydroxy-5.sulfo.c. N,N ,N ,

benzoyl)-1,5,10,14.tetraazatetradecane (3,4,3-LICAMS)(4)

. The procedure for the synthesis of 3,4,3-LICAMS is from Weitl et al. [WEI80]

and is shown in Figure 8. Dry 2 (5.1 g, 6.83 mmol) dissolved in 15% fuming

.. H2SO4 (30 mL) was stirred in a room temperature bath under argon for 10
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hours. The reaction mixture was poured over ice and adjusted to pH=4 with

10.0M NaOH. Two equivalent volumes of MeOH were added, forming a white,

salt precipitate (Na2SO4). The salt was filtered off and washed well with 1:1

MeOH: H20.
=

The filtrate and wash were evaporated to dryness and redissolved in a

. minimum amount of H20. One equivalent of MeOH and EtOH was added. An

inorganic salt precipitate formed, which was filtered off. To the filtrate, 3

equivalents of Et20 were added. A white precipitate formed, which was filtered

off and dried at room temperature over P205/NaOH. This precipitate is 3,4,3-

LICAMS(4) (5.53g, 70.1%): lR (Nujol) 3381-2500 cm"1 CH, OH, 1640-1590

cm"1 CON, 1470 cm-1, 1420 cm-1, 1380 cm-1, 1210-1180 cm-1, 1100 cm-1

SO3Na; lH NMR (200MHz, D20 ) o_1.3-2.0NCH2CH2 (broad SH), _)2.8-3.9

NCH2 (broad 12H), _)7.0-7.8 ArH (broad m 8H).

Calculated (Found). for C38H38N4024S4Na4.6H20: C, 36.12 %

(36.28), H, 3.99 % (4.03 %), N, 4.44 % (3.98 %), S, 10.15 % (9.93 %).

J

Figure 8. LICAMS Synthesis
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d. N,N',N",N'".Tetrakis(2,3-dihydroxy.5-nitro-

benzoyl)-l,5,10,14-tetraazatetradecane (3,4,3-LICAMN) (5)

Synthesis for 4-nitro-2,3-dimethoxybenzoic acid (6)is from an unpublished

source [WEI79] and is presented in Figure 9. To a 100 mL round-bottom flask,

2,3-dimethoxybenzoic acid (10.0 g, 54.9 mmol) and glacial acetic acid (40 mL)

were added to concentrated HNO3 (5.5 mL). The resulting solution was heated

at 95°C under reflux for 1 hour. Addition of two volumes of cold H20 to the

reaction mixture formed a white precipitate which was filtered off, H20 washed,

and oven dried. Purification of this white product was done by recrystallization

from acetic acid. TLC with 1'1 Methanol'10% CH3COONH4 showed one spot at

R1=0.88.

The acid chloride of (6) was made by heating at reflux with SOCI2 for 6

hours. Vacuum distillation left a yellow solid. This acid chloride was used to

make 3,4,3-LICAMN by following the synthetic procedure for 2. The product

ligand 3,4,3-LICAMN (4.87 g, 79.9%) was produced" lR (Nujol) 3700-2500cm "1

CH, OH, 1640-1590 cm-1 CON; lH NMR (200MHz, D20 ) 31.5-2.5 NCH2CH2

(broad 8H), c33.3-4.3 NCH2 (broad 12H), _ 7.0-8.0 Ad--I(broad m 8H)

Calculated (Found)for C38H42N4012.1H20' C, 59.68 % (60.62 %), H,

5.80 % (6.25 %), N, 7.33 % (6.71%).

e. N,N',N",N'"-Tetrakis(2,3-di hydroxy.4-carboxy..

benzoyl)-l,5,10,14..tetraazatetradecane (3,4,3..LICAMC) (7)

The procedure for this synthesis is from Weitl et al. [WEI81] and is shown in

Figure 10. Dimethyl 2,3-dihydroxyterephthalate (8), was used as the starting

material. 8 (3.60 g, 15.9 mmol) and K2CO 3 (4.40 g, 31.8 mmol) were placed in

a 250 mL round-bottom flask with dropwise addition of acetone (150 mL) and

(CH3)2SO 4 (3.02 mL, 31.8 retool). The reaction mixture was heated at 80°C

under reflux for 24 hours. At the end of the reflux, salts were filtered off while the
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solution was still hot. The solution was evaporated after filtration, yielding the

product dimethyl 2,3-dimethoxy-terephthalate (9).

Figure 9. LICAMN Synthesis
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To 9 (2.22 g, 8.73 mmol) dissolved in CH3OH (120 mL), NaOH (0.35 g, 8.75

mmol) in H20 (5 ml_) was added. The solution was heated at reflux for 8 hours.

After reflux, 75% of its volume was removed by evaporation. Addition of two

equivalent volumes of acetone formed a salt which was filtered off and washed
b

well with acetone. Addition of two volumes of Et20 to the filtrate and wash

formed a white precipitate, sodium dimethyl 2,3-dimethoxyterephthalate (10).

Next, the chloride of 10 was made. To 10 (1.86 g, 7.15 mmol) in a round-

bottom flask, SOCI 2 (20 mL) was added and stirred for 12 hours t_ndera Drierite

tube. One volume of CCI 4 was added to the solution, followed by filtration to

remove NaCI. The solution was then vacuum distilled, washed and redistilled

with CCI4 three times. This yielded methyl 2,3-dimethoxy-terephthaloyl chloride

(11).

For the final reaction step, THF (50 mL) was added to 11 (1.6 g, 6.49 mmol),

spermine (0.33 g, 1.62 mmol) and Et3N (1 mL). A white precipitate formed

immediately. The reaction mixture was stirred for 17 hours at room temperature

in a stoppered flask. The solution was filtered and washed with THF, removing

the NEt3.HCl precipitate. Evaporation of the filtrate solution gave a light brown

oil. The oil was redissolved in CH2Ci2 and eluted through a silica column

using a 0-5% MeOH gradient in CH2CI2. The product N,N',N",N'"-Tetrakis (2,3-

dihydroxy-4-carbomethoxy-benzoyl)-1,5,10,14-tetraazatetradecane (methyl

protected 3,4,3-LICAMC) (12) eluted in 2-4% MeOH.

Deprotection of 12 was done using a slightly modified version for the

deprotection of 3,4,3-LICAM. After hydrolysis with H2O, the resulting solution

was mixed for 5 hours. A tan precipitate formed, which was removed by

filtration, H20 washed, and slurried in i00mlof H20. The pH of the slurry was

adjusted to 7 using 0.1M NaOH. The addition of 0.lM HCI gave a precipitate,

3,4,3-LICAMC [0.93g, (68%)], which was removed by filtration, H20 washed and
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dried over P205/NaOH: lR (Nujol) 3360-2500 cm -1 CH, OH, 1679 cm -1 COOH,

1609 cm'l CON, 1321 cm'1,1229 cm-1, 1180 cm "1 CN CO double bond; lH

NMR (200MHz, D20 ) c31.1-1.9 NCH2CH 2 (broad 8H), _ 2.8-3.1 NCH 2 (broad

12H), _)7.2-7.8 ArH (broad m SH)

_. Calculated (Found) for 042H42N4020.4H20: C, 50.70 % (50.10 %), H,

5.07 % (4.83 %), N, 5.63 % (5.43 %).

Figure 10. LICAMC Synthesis
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3. Tracer Extractions

The LICAM, LICAMS, LICAMN, and LICAMC ligands were tested using ion

exchange methods. Catechol and DiPA were examined irl addition to the
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LICAM series of ligands° The catechol and DTPA were purchased from Aldrich

and used as received. The system for investigation of the ligand-metal complex

involved the mixing of 40 #L of a buffer, 30 I.tLof 0.1M ligand solution, and 30

#L tracer in 0.2M HCt. The resulting solution was pre-equilibrated by mixing for

2 minutes. The pH was measured, and the solution was added to a 300 ILL

resin bed of AG-MP50 cation exchange resin in a 0.6 cm x 7 cm column and

eluted with 1 mL of H20. The eluant was collected and counted for activity.

Complexed tracer elutes through the cation exchange column, while

uncomplexed tracer is absorbed by the resin. Comparison of tile known activity

of the tracer to the eluted activity gave the percentage of metal complexed to the

ligand as a function of pH.

The buffer systems investigated were sodium acetate buffers, sodium

acetate-NaOH buffers, sodium acetate-carbonate buffers, and ammonium

acetate-NaOH buffers. The sodium acetate buffers were made by mixing 1 M

CH3COOH and 1 M CH3COONa. Solutions of 1 M CH3COOH and 1 M CO3Na2

were used for the acetate-carbonate buffers. Mixing solutions of 1 M

CH3COONa and 1 M NaOH were used to make the acetate-NaOH buffers. The

ammonium acetate-NaOH buffers were made by mixing a 2 M NH4OOCCH3'

2 M NaOH stock solution with 1 M CH3COOH. The solutions were mixed to the

desired buffer pH. The carbonate buffer solutions were not used since tracer

sorbed on the cation exchange resin is removed by carbonate. The pH range Of

the buffer solutions is given in Table 11.

An experiment was done to determine the amount of buffer necessary to

adjust the pH of an experimental ligand-tracer system, The experimental tracer

stock solutions are 0.2 M HCI. The ligand solution was simulated using H20.

For this experiment, 30 lt[- H20 and 30 tri- 0.2M HCI were mixed. To this

mixture, buffer was added 10 p.Lat a time. The effect on pH as a fuqction of
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buffer volume was measured, lt was found that 40 I_Lof buffer was needed to

' stabilize the pH of the solution. Table 12 shows the buffers and tracers used for

each ligand investigated.

' /

' Table 11. Buffer pH Range

, Buffer pH range
,i

,sodhJmacetate 2.5-8.6

sodium acetate-NaOi--I 9.0-14.0

sodium acetate-carbonate 5.5-10.6

ammonium acetate-NaOH 9.0-11.5

: i, .,_ • m=,=m,=,.===,,,.._

, Table 12. Ligands, Buffers and Tracers Used

Ligand Buffers Tracers

Catechol sodium acetate 144Ce
sodium acetate-NaOH 152Eu
ammonium acetate-NaOH

: LICAM sodium acetate 144Ce
sodium acetate-NaOH 152Eu

LICAMS sodium acetate 144Ce
sodium acetate-NaOH 152Eu

LICAMN sodium acetate 144Ce
sodium acetate-NaOH 152Eu

" LICAMC sodium acetate 144Ce
• sodium acetate-NaOH 152Eu

DTPA sodium acetate 229Th
sodium acetate-NaQH 152Eu
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4. Results

The catechol complexation results, shown in Figure 11, indicate the ability of

catechol to form metal-ligand species with both tetravalent cerium and trivalent

europium in a similar pH range. Over the pH range examined, the

complexation of tetravalent cerium and trivalent europium by catechol is similar.

This result may indicate the ability of the LICAM ligand series to extract trivalent

europium. The LICAM ligand series results are presented in Figures 12-15.

The results show the LICAM ligand series preferentially forms complexes

with tetravalent cerium at high pH. However, the ligands also extract europium.

The ligand LICAM performed the best, giving approximately '100% cerium

extraction at pH = 10.5. From there, the cerium extraction decreased as the pH

increased. Europium behaves similarly, having a maximum extraction of 45 %

at pH 10.5 and decreasing as the pH increases. Unfortunately, these initial

tests indicate that the LICAM ligand extracts more trivalent actinide than

acceptable for the experimental requirements. The alpha decay of the extracted

trivalent actinides would interfere with the alpha decay detection of 261Rf. The

trivalent actinide extraction needs to be less than 10 % for acceptable

rutherfordium alpha spectroscopy.

The LICAMS ligand has similar complexation of tetravalent cerium and

trivalent europium over the examined pH range. The cerium complexation is

slightly greater at pH = 10. The europium complexation is prevalent at pH = 13.

The LICAMN ligand shows a steady increase in cerium complexation in the 10

to 13 pH range. In the same pH range, the europium complexation decreases

to a minimum of 55 % at pH = 13. The LICAMC ligand had a constant cerium

complexation near 100 % in the 8 to 13 pH range. The europium extraction

increased and reached a maximum of 85 % complexation at about pH = 8. The
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europium complexation remained constant at 85 % complexation in the 8 to 13

pH range.

The LICAM ligand series complexation of europium is not unexpected and

has been reported [RAY84]. Complexation of europium with the LICAM ligand

series occurs with partially deprotonated ligand. At high pH, hydroxide also

" appears to be coordinated to the europium ligand complex [RAY84]. In fact, the

same paper shows trivalent americium forms complexes of undetermined

stability and stochiometry with LICAMS and LICAMC.

Figure 16 shows DTPA complexation with europium and thorium. The

thorium complexation with DTPA reaches a maximum of 90 % at pH = 5 and

remains constant in the pH range of 5 to 10. By pH = 12, the thorium

complexation decreased to 80 %. Europium complexation with DTPA reaches

a maximum of about 100% at pH of 7. The europium complexation then

; decreases with increasing pH. A minimum extraction of 10 % is reached at a

pH of 13. lt may be possible to use DTPA to separate rutherfordium from the

trivalent actinides. However, the high pH necessary for the low europium

extraction adds difficulties to an attempted experiment. Rutherfordium

hydroxides may form, hindering formation of a Rf-DTPA complex and increasing

the time need for complex formation. The additional time would be

unacceptable when using 65-second 261Rf,
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Figure 11. Effect of pH on Catechol-Metal Complexation
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Figure 12. Effect of pH on LICAM-Metal Complexation
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Figure 13. Effect of pH on LICAMS-Metal Complexation
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Figure 14. Effect of pH on LICAMN-Metal Complexation
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Figure 15. Effect of pH on LICAMC-Metal Complexation
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Figure 16, Effect of pH on DTPA-Metal Complexation
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C. Trialkylarnine Ligand

1. Introduction

The extraction systems discussed in this Section involve the use of high

molecular weight amines. The extraction chemistry of these compounds is

similar to the absorption of metal complexes on anion exchange resin where

• the formation of extractable anionic metal species controls the metal extraction.

Additional parameters that affect the extraction of metal ions in the systems

studied include aqueous ligand concentration, concentration of competitive

ligands, diluent used, hydrogen ion concentration, competition from other

anions which may complex to the cationic trialkylamine and the trialkylamine

ligand itself.

To constitute good extractants, the amines must meet some fundamental

requirements. Useful amine ligands for solvent extraction will be compatible

with the organic diluent, have a large extraction power, low solubility in the

aqueous phase, be stable in the presence of concentrated acid, and rapidly

separate from the aqueous phase. Saturated nitrogen compounds successfully

fill these requirements [MAR69]. For this reason, tertiary amines were studied.

The diluent used has been shown to affect the behavior of the extraction

systems. Enormous changes in the distribution coefficient (Kd=(CtS

organic/volume organic)/(cts aqueous/volume aqueous)) have been produced

with changes in the organic diluent [MAE61], [WIL62], [MAE62]. However, no

rational explanation between metal distribution and organic diluent chemical

properties has been given [MAR69].

Frorn experimental results, Taube [TAU60] considers three main parameters

of the organic diluent affect=ngthe metal distribution' the degree of extracted

species aggregation; the dipole moment; and the dielectric constant of the

solution. These parameters assume a uniform, unchanged dielectric constant
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and dlpole. This has been shown to be invalid under experimental conditions

[VDO61].

Concentration of the ligand affects aggregation, thereby changing the

extractive behavior of the diluent. However, the concepts used do indicate a

method to minimize diluent effects. If the amine ligand concentration is kept

constant, and below the concentration where aggregation starts, the diluent •

effects can be reduced.

The amine structure also has a pronounced effect on the extraction of

metals. Ignoring steric factors, the extractive power of amines increases from

primary to secondary to tertiary. However, steric factors can change this order.

In addition, steric factors generally change the basicity of tile amines, which in

turn affects the stability and polarity of the amine salts [MAR69].

The effect of aJkylchain length on extractive power has been studied in

several systems [TRE64], [ZVY65]. Under normal experimental conditions,

tertiary amines with eight member carbon chains extract best [MAR69].

Increase in chain length causes steric hindrance, while lower chain length

decreases metal-ligand solubility in the organic phase.

The extraction of metals by the high molecular weight 8mines occurs by the

formation of an ammonium salt. The reaction is'

R3N + H+ + A _=_R3NH+A (Equation 1)

where R3N is an organic soluble high molecular weight tertiary amine, A" is an

anionic metal complex, and R3NH+A is the organic soluble extracted metal-

amine salt complex. This reaction readily occurs in acidic solutions and under

certain conditions may take place in neutral or basic solutions [MAR69].
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HCI solutions were the primary aqueous phases studied for these extraction

systems. High oxidation state metals form anionic chloride species in HCI and

readily extract with amines. The shape of extraction curves is similar for many

extractable anionic chloride species. The lanthanides (trivalent actinide
,1,

homologs) are only slightly extractable even at high amine concentrations

- [MAR69].

2. 95Zr, 95Nb, 152Eu, and 228Th Extractions

In the experiments conducted, the high molecular weight amine extractants

used were trihexylamine (THexA), triheptylamine (THepA), and triisooctylamine

(TIOA). The information on these extractants is given in Table 13. The TIOA

was purchased from Ames Laboratories and the other ligands were purchased

from Aldrich Chemical Company. The TIOA was purified by vacuum distillation.

The trihexylamine and triheptylamine were used as received.

Table 13. Amine Extractant Data

Amine Molecular Formula Density Boiling Point

Formula Weight (g/mL) (°C)

Trihexyl (CH3(CH2)5)3N 269.52 0.794 263-265

Triheptyl (CH3(CH2)6)3N 3'11.60 0.805 330-333

Triisooctyl (C8H17)3N 353.68 0.816 365-367

The aqueous phase was a HCI:HF solution with different chloride, hydrogen_

q

ion or HF concentrations and contained the radioactive tracer. The tracers used

_ were 95Zr, 95Nb, 152Eu' and 228Th. The tracer stock solution was 12 M HCI.

In experiments on the organic diluent and the ligand concentration, the

aqueous phase was HCI:HF solution at different concentrations. Experiments

with different chloride, hydrogen ion or HF concentrations were conducted with

=

45

i



1 M amine ligand in benzene. The chloride concentration was adjusted with --

LiCI. HF was added to prevent hydrolysis and evaporation of the tracer.

,_,dditionally,HF was removed from the aqueous phase to study the effect on

tracer extraction.
i,

Tracer loss during thin sample preparation was also studied. Tracer was

extracted into the organic phase from concentrated acid solutions. From the

organic phase, 20 #L samples were placed on a glass cover slip on a hot plate.

The samples were evaporated at various temperatures and counted versus a

standard tracer to determine if the tracer was lost. These tests were conducted

to determine if during evaporation to prepare samples for alpha spectroscopy,

rutherfordium would be lost from a prepared sample.

The organic phase was the amine ligand in an organic solvent. To

determine which organic solvent has the highest distribution coefficient, tracer

extraction with TIOA was tested with methylisobutylketone (MIBK), hexanes,

benzene and dichloromethane as solvents. Benzene was the diluent used for

further tests with trihexylamine and triheptylamine. The amine concentrations

were varied between 0.25 and 2.0 M.

The experiments were conducted with 500 pL each of an aqueous and an

organic phase. The aqueous phase contained 50 I.LLof tracer solution. The two

phases were mixed for 2 minutes, centrifuged for 30 seconds, separated and

counted for activity. Microscale experiments, using 20 I-tLof each phase, were

also conducted. These experiments verified the validity of the extractions on a
ib

microscale. From counts of the aqueous phase and the organic phase the

distribution coefficients (Kd=(CtSorganic/volume organic)/(cts aqueous/volume

aqueous)), or percent extraction were obtained.

46



3. 95Zr, 95Nb, 152Eu, and 228Th Results

The initial experiments examined the effect of the organic diluent on tracer

extraction (Figures 17-19). The organic diluents studied were MIBK, benzene,

hexanes, and dichloromethane. The ligand used in these experiments was,,w

TIOA. The ligand concentration was varied between 0.2 M and 1.0 M. The

" aqueous phase was 12 M HC!:0.02 M HF. The volume of each phase was 500

ILL, as was the case in ali the experiments unless otherwise noted. 95Zr, 95Nb

and 152Eutracers were used.

The results from the experiments with different diluents dictated the use of

benzene. The 95Zr experiment (Figure 17) showed benzene to be the diluent

that gave the largest extraction, especially at high ligand concentrations. In

addition, benzene does not enhance the extraction of 152Eu(Figure 19), as did

the other solvents. MIBK is the best diluent for the extraction of 95Nb (Figure

18). This result is consistent with the ability of MIBK to extract pentavalent

metals from concentrated HCI.

After deciding upon the use of benzene as the organic diluent, the three

amine ligands were studied for tracer extraction (Figures 20-22). The ligands,

trihexylamine, triheptylamine and TIOA, were diluted with benzene to give final

concentrations of 0.2 M to 2.0 M. The aqueous phase was 12 M HCI:0.02 M HF.

95Zr, 95Nb, 152Eu,and 228Thtracers were used.

The results for different amine ligand concentrations show TIOA to be the

best extractant. This result agrees with findings reported in the literature

[MAR69]. The shape of the 95Zr extraction curve is similar for the three amine

. ligands. 95Zr extraction reaches a maximum at 1.0 M ligand concentration.

Above this concentration, aggregation occurs and inhibits zirconium extraction.

Europium extraction is minimal for the three amine ligands, demonstrating the

ability of these ligands to separate rutherfordium from the trivalent actinides.
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Figure 17. Diluent Effect on 95Zr Extraction with TIOA
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Figure 18. Diluent Effect on 95Nb Extraction with TIOA

100-

| E
|

ii =

J

._ n • Benzene

_: • MIBK

10 a

]_ ii Hexanes

o CH2CI2

1 , ' i .... , .... j • -- _--_"_"-T"---"-"_----"-I
).0 0.2 0.4 0,6 0,8 1.0

TIOA [M]
i

48

JLJ_d_"_" ................. JILi .................. Hl [J II . I I IIIIr III Illl .L '11 I III I .. =



Figure 19. Diluent Effect on 152Eu Extraction with TIOA
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Figure 21. Effect of [Triheptylamine] on Tracer Extraction
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TIOA is shown not to extract tetravalent thorium (Figure 22). This result is

expected, since Equation 1 requires the formation of an anionic metal chloride

complex. Thorium does not form anionic species even in high chloride

concentration, and therefore is not extracted. This fact can be used to give

further proof that rutherfordium is a Group 4 metal. If rutherfordium is extracted

'_ by TIOA, it is chemically similar to zirconium. If rutherfordium is not extracted by

"I"IOA,then it would be chemically similar to thorium.

The extraction curve for niobium differs for the zirconium extraction curve.

The extraction of niobium generally increases as the amine ligand

concentration increases. This implies that the aggregation effects, which limit

the zirconium extraction, have little effect on niobium. The higher valent state of

niobium makes aggregation more difficult by preventing the formation of highly

negative anionic species. Zirconium hexachloride has 2 charge, while niobium

hexachloride has only a 1- charge. With the same coordination number for the

two metals, zirconium anion is able to accept more cationic amine species.

This fact accounts for the high aggregation of the zirconium-amine complex

compared to the niobium-amine complex.

The next experiment conducted was on the effect of chloride concentration

on tracer extraction (Figures 23 and 24). These experiments were designed to

determine if a chloride salt solution could be used for extractions. The chloride

concentration of the aqueous phase was varied with constant 8 M H+:0.02 M

HF. The organic phase was 1 M ligand in benzene. Ali amine ligands were
Is

studied. The chloride concentration was varied from 8 M to 12 M.

, The effect of chloride concentration on extraction again showed TIOA to be

the best amine extractant for zirconium. The zirconium distribution increased as

a function of chloride concentration for ali three amine extractants studied. This

effect is due to the increased anionic zirconium chloride species formation at
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higher chloride concentration. The niobium extraction shows a plateau starting

at 10 M chloride concentration. Up to this point, the extraction increases as a

function of chloride concentration. This observation indicates the formation of

anionic niobium chloride species reaches a saturation point at 10 M chloride

concentration. After this point, the extraction remains constant.

The effect of hydrogen ion concentration on tracer extraction was studied

(Figures 25 and 26). These experiments were designed to examine if a weakly

acidic solution could be used for extractions if a high chloride concentration was

maintained. The hydrogen ion concentration in the aqueous phase was varied

and extracted with 12 M O1:0.02 M HF with TIOA and 10 M O1-:0.02M HF with

trihexylamine and triheptylamine. The organic phase was 1 M ligand in

benzene. The hydrogen ion concentration was varied between 7 M and 10 M

with trihexylamine and triheptylamine and between 8 M and 12 M with TIQA.

Figure 23. Effect of [CI'] on 95Zr Extraction
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Figure 24. Effect of [CI'] on 95Nb Extraction
1000 -

D

m D D

o
" B. •

100

I

" • m TIOA

m • Trihexylamine

li Triheptylamine

O

1 ''I'" '.... I .......' l , !..........' l '_' -II

7 8 9 10 11 12

CI" [M]
i

_._ , J,, ____._
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Figure 26. Effect of [H+] on95Nb Extraction
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The results indicate a minima :_ydrogen ion effect over the examined range.

Both Figures 25 and 26 show little change in Kd with an increase in hydrogen

ion concentration. This effect is expected in the hydrogen ion region studied.

The amine ligands should be fully protonated even at 7 M hydrogen ion

concentration, the lowest concentration examined irl this experiment. An

increase in Kdwould have indicated an increase in amine protonation, which

would be unexpected in this region.

Experiments on zirconium and niobium extraction as a function of HF

concentration were conducted (Figures 27 and 28). These experiments .

showed that HF inhibited tracer extraction. The aqueous phase was 10 M HCI

with different HF concentrations. The organic phase was 1 M ligand in

benzene. Ali three amine ligands were studied.

h
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Figure 27. Effect of [HF] on 95Zr Extraction
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Figure 28. Effect of [HF] on 95Nb Extraction
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These results displayed a decrease in tracer extraction as a function of

increasing HF concentration. The increase in fluoride concentration will

increase the formation of a metal-fluoride species. The fluoro species of

zirconium is insoluble in the organic phase and not extracted by amines. In
m

addition, HF competes with anionic metal species for complexation with the

cationic amines. The reason for the competition from HF is its ability to dimerize

and form the HF2- anion. The extracted HF amine species is generally

(R3NHnFn+I)1"[HER45]. The HF extraction is shown to compete with niobium

extraction (Figure 28). Even in the dilute concentrations used in these

experiments, HF has the ability to hinder zirconium extraction (Figure 27).

The nextexperiments studied the effect of temperature on tracer evaporation

during thin sample formation (Figures 29 and 30). Thin sample formation is

unnecessary for gamma spectroscopy, lt is, however, required for alpha

spectroscopy, which is used to detect rutherfordium. In these experiments, the

aqueous phase was 12 M HCI:0.02 M HF and the organic phase was 1 M

ligand in benzene.

; The evaporation studies show little difference between tracer loss during

evaporation at 250 °C. However, as the temperature was increased,

differences appeared in the amount of tracer loss. TIOA performed the best,

having the overall lowest tracer loss during evaporation of the organic phase.

Trihexylamine generally had tile highest tracer loss. TIOA has the highest

boiling point of the amines studied (Table 13). This may account for the low

loss of tracer compared to the other amines. As the temperature was increased,

the amines with lower boiling points burned more completely. This created

more aerosols, increasing the amount of tracer loss.

=
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Figure 29. Temperature Effects on 95Zr Loss
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The experiment conducted with the various amines indicated that TIOA

gave the best results for zirconium extraction. In addition, the HF experiments

with zirconium pointed out the need to examine aqueous systems without HF

(Figure 27). Therefore, the following series of experiments was conducted to
,,

examine the difference between tracer extraction with and without HF.

The effect of TIOA concentration on tracer extraction is presented in Figure

31. The aqueous phase was 12 M HCI and the TIOA concentration in benzene

was varied from 0.1 M to 2.0 M. This result can be directly compared with

Figure 22 (varied [TIOA] M with HF), and shows increased zirconium extraction

when HF is not in the aqueous phase, This conclusion is supported by Figure

27, which shows HF decreases tracer extraction. The zirconium extraction

curve is similar for both experiments, indicating no change in the TIOA

stoichiometry of ',he complex.

Figure 31. Effect of [TIOA] on Tracer Extraction
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Further experiments were conducted in which the HCI concentration was

varied. In Figure 32, the aqueous phase was different HCI concentrations and

in Figure 33, the aqueous phase was 0.02 M HF with HCI concentrations from 2

M to 12 M. In both experiments the organic phase was 1 M TIOA in benzene.

The results show that over the HCI range of 2 M to 12 M, 0.02 M HF inhibited

" tracer extraction. At 12 M HCI, zirconium extraction without HF was greater by

over 1 order of magnitude, and at 2 M HCI, the distribution coefficient was

greater by over two orders of magnitude. This indicates that the formation of a

zirconium fluoride complex becomes more pronounced at lower chloride

concentrations, thus inhibiting extraction.

Figure 32. Effect of [HCI] on Tracer Extraction, No HF
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Figure 33. Effect of [HCI] with 0.02 M HF on Tracer Extraction
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In order to fully determine if HF could be eliminated from the aqueous phase,

zirconiurn losses due to evaporation had to be studied. In these experiments,

the aqueous phase was 12 M i-iCI and the TIOA concentration in benzene was

varied from 0.1 M to 1.0 M to determine its effect upon tracer loss. Tl+e results

from these thin sample formation experiments are presented in Figure 34.

The results, compared with Figure 29, show no real difference between

zirconium loss on evaporation from 1 M TIOA. This indicates that the lack of HF

in the aqueous phase will not effect the amount of tracer loss in sample

evaporation. Furthermore, the results indicate a dramatic decrease of tracer

loss when a TIOA concentration less than 1 M is used. This is especially true at

higher temperatures.
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Figure 34. Temperature Effects on 95Zr Loss with Varied [TIOA]
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These tracer extraction studies with TIOA in a non-HF aqueous solution

gave better results than extractions with an aqueous phase containing HF.

Therefore, it was decided to use an HCI aqueous phase without HF for

rutherfordium extraction studies. Further experiments on cl_loride and hydrogen

ion concentration effects with TIOA were studied.

For the experiments with varied chloride concentrations, the organic phase

was 1 M TIOA in benzene and the hydrogen ion concentration in the aqueous

phase was 1 M (Figure 35) or 7 M (Figure 36). For the studies of different

hydrogen ion concentrations, the chloride concentration was held constant at 9

M (Figure 37) and 12 M (Figure 38). The organic phase was 1 M TIOA in

benzene. The chloride and hydrogen ion ranges differed compared to the

previous experiments. The 1 M acid phase was examined to determine if these

extractions may be useful with instruments sensitive to strong acid.
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Figure 35. Effect of [CI-] at 1 M H+ on Tracer Extraction with TIOA
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Figure 36. Effect of [CI'] at 7 M H+ on Tracer Extraction with TIOA
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Figure 37. Effect of [H+] at 9 M CI" on Tracer Extraction with TIOA
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Figure 38, Effect of [H+] at 12 M CI" on Tracer Extraction with TIOA
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These extraction studies showed similar results to Figures 23-26. The

zirconium extraction increased as a function of chloride concentration for both 1

M and 7 M hydrogen ion concentration. The hydrogen ion concentration had a

minimal effect on zirconium distribution coefficients (see Figure 37). The Kd'S
i,

increased 1 order of magnitude between 4 M and 9 M hydrogen ion

concentration. Over a similar range with chloride, the distribution coefficient for ,,

zirconium increased 2 to 3 orders of magnitude. However, Figure 38 shows the

hydrogen ion concentration range over which metal hydrolysis and increased

TIOA protonation occurs. At the low hydrogen ion concentration (0.1 M),

zirconium has a larger extraction coefficient than niobium. Being a pentavalent

metal, niobium hydrolyses more easily than zirconium. The hydrolysis at low

hydrogen ion concentration inhibits niobium extraction.

A final microscale experiment with TIOA was conducted (Figure 39). The

experiment was designed to show that the extractions conducted with 500 pL

volume will work with 20 IlL, the volume to be used for the rutherfordium

extractions. The aqueous phase was 12 M HCI and the concentration of TIOA

in the organic phase was varied. The results show the microscale extraction to

behave the same as larger volumes.

4, Rutherfordium Results

Based on the previously mentioned results, rutherfordium extractions were

conducted with TIOA in benzene. The aqueous phase was 12 M HCI. The

organic phase was 1.0 M and 0.1 M TIOA in benzene. At the collection site, the

261Rf with the KCI aerosol was collected on a Teflon disk for 90 seconds. The

261Rf was removed from the Teflon disk using 10 uL of aqueous phase and

was added to 20 pL of organic phase in a 1 mL centrifuge cone and mixed in a

sonicator for 5 seconds. The soluiion was centrifuged for 10 seconds to

separate the phases. The organic phase was removed and placed on a glass
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cover slip on a hot plate evaporating the organic phase, leaving the 261 Rf on

the cover slip. The slip was placed over a PIPS detector and counted for alpha

emissions and spontaneous fissions. The presence of rutherfordium was

. detected from alpha decay. The results from these experiments are presented

in Table 14.

.... ,

Figure 39. Extraction vs [TIOA]
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Table 14. 261Rf TIOA Extraction Data

. [TIOA]M Extraction # Events # Experiments
(%)

1.0 29.1 __.+6.5 20 343

0.1 117 _-t:.22.0 28 120
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A total of 343 261Rf extractiDn experiments were conducted using 1 M TIOA

in benzene. A rate of 1 event/5 experiments is expected for 100 % extraction

chemical yield. The region of interest for alpha decay from 261 Rf is 8.15 to 8.35

MeV. The experiment resulted in 20 261Rf events, a (29.1 + 6.5) % chemical

yield and a Kd =0.22. For the 0.1 M TIOA experiments, 120 extractions were

conducted. A total of 28 events were observed, giving a (117 + 22.0) % ,,

chemical yield. The distribution coefficient could not be calculated for the 0.1 M

TIOA concentration due to the high chemical yield. At 100 % chemical yield, the

amount of activity left in the aqueous phase is unmeasurable. From the

equation for the calculation of the distribution coefficient, at 100 % chemical

yield, the Kd= _. The equation to approximate the Kd from the percent

extraction for rutherfordium is'

% Extracted / 2
Kd= (Equation 2)

(1-% Extracted)

These rutherfordium extraction results are consistent with the zirconium

tracer loss studies (Figure 34). The difference in the rutherfordium extraction at

the different TIOA concentrations results from losses due to evaporation of the

organic phase, Figure 39 shows that both TIOA concentrations should extract

about 100 % of the rutherfordium. The loss in 0.1 M TIOA is minimal over the

temperature range examined. The loss for 1,0 M TIOA increases as a function

of temperature, For the rutherfordium experiments, the hot plate temperature for

evaporation was 320-370 °C. A high temperature had to be maintained for

rapid evaporation. Therefore, the hot plate temperature had to be at or near the

boiling point of TIOA (365-367 °C). This accounts for the observed difference in

the results.
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The TIOA extraction experiment is similar to that of Hulet et al. [HUL80]. In

their experiment, the chloride complexes of hafnium, curium, fermium, and

rutherfordium were tested for their relative absorption on a column containing

quaternary amines held on an inert support, lt was shown that rutherfordium

behaved like hafnium. The major problem with those experiments was the

" small event rate, only 6 events. The liquid-liquid extraction studies with TIOA

are more rapid, and give a higher event rate. The TIOA extraction studies

showed that rutherfordium behaves differently than thorium and europium and

most similarly to zirconium. Along with the results from Hulet, this result is

further evidence that rutherfordium is a Group 4 element [HULS0].

I
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D. Tributyl Phosphate

1. Introduction

This section describes experiments on tracer extractions using a liquid-liquid

extraction system with tributyl phosphate (TBP). There have been many
11,

applications of TBP for extraction of metals. In the nuclear field, it has been

extensively used in the reprocessing of spent nuclear fuel to separate and purify

uranium, plutonium [MAR69], and thorium [BEC70] from fission products. The

extractive powers of TBP for thorium and plutonium were noted by Manhattan

Project researchers [KAT86A], [COL78], However, only undiluted TBP was

used as an extractant. Undiluted TBP has a high viscosity and a density similar

to water. Furthermore, it was believed that TBP would rapidly hydrolyze in acid.

For these reasons, TBP was not considered an appropriate extractant for the

Manhattan Project.

Extractions utilizing dilute TBP were conducted in the late 1940's [COL78].

These results led to the development of a "IBP extraction process to remove

uranium from wartime reprocessing plant waste at Oak Ridge National

Laboratory. The TBP extraction process was eventually used to reprocess

spent nuclear fuel. The developed procedure is called the PUREX (Plutonium-

.l=[raniumRefining by .F.=_traction)process [COL78]. Various PUREX process

flow sheets were developed with 30% TBP and implemented at Savannah

River and Hanford.

TBP forms adducts with neutral metal salts. The extractability of TBP is due

to the phosphoryl functional group. The phosphoryl oxygen coordinates to the

metal. There is no evidence that the ether oxygens between the butyl groups

and the phosphorus atom enter into metal-TBP bonding [SAI63]. "]-headduct

formation raaction is shown in Equation 3'

Mn+aq+ nAaq + xTBP ee MAnTBPx (Equation 3)
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An example of adduct formation is the extraction of uranylnitrate as

UO2(NO3)2.2TBP. The aqueous phase may also contain charged metal-ligand

species, along with hydrolyzed metal species at lower acid concentrations.

However, only neutral metal complexes extract.

Experimental observations have recorded properties consistent with

, extracted metal-TBP species. Only neutral metal ligand species extract, The

metal TBP extracted species is only slightly ionized in the organic phase.

Ionization increases as a function of acid and TBP concentration. Perchloric

acid forms ionized complexes with TBP considerably more than other inorganic

acids [SCH84]. Multiple forms of some metal halides can be extracted,

including acid species. As an example, the following zinc chloride species are

extracted:

ZnCI2, HZnCI3, H2ZnCI4

Ali of these forms are neutral species [SCH84]0

TBP, like other esters, is susceptible to hydrolysis in weak acids. The

reaction is as follows and forms dibutylphosphoric acid (HDBP).

(C4H90)3PO + HOH ¢=_(C4H90)2PO(OH) + C4H9OH (Equation 4)

Further hydrolysis leads to the formation of monobutyl phosphoric acid and

eventually phosphoric acid [BLU45].

Most of the studies of TBP hydrolysis used nitric acid systems. The results

show that TBP hydrolyzes faster in aqueous media than organic. Investigations

. have shown that TBP hydrolysis is a first order reaction with a rate of -d[TBP]/dt

= kTBP. The rate constants for TBP hydrolysis are small. At room temperature,

the rate constant (hr-1) in nitric acid is around 10 6 [SHC84A]. TBP hydrolysis in
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HCI solutions is similar [SHC84A]. The hydrolysis rate due to photochemical

reactions is on the same order.

TBP can also extract acids. Under certain conditions, metal extraction will

be reduced by competition from acid extraction. The factors affecting acid

extraction include acid concentration, size and hydration of the anion [MAR69A].

The order of acid extractability for TBP is' oxalic _ acetic > HCIO4 > HNO3 > ,,

HCI > H2SO4 [NAl62]. in HCI extraction, the complex is believed to be

2TBP.HCI.6H20 [KER60]. Even at high HCI concentration, there is little

competition with metal extraction. However, at high concentration nitric acid will

compete with metal extraction [MAR69A].

2. 95Zr-95Nb Extractions

Extraction studies of rutherfordium homologs by TBP were carried out

initially with 95Zr tracer. The studies examined the effect of TBP, HCI, chloride,

and hydrogen ion concentrations on zirconium extraction. The TBP was

" purchased from Aldrich Chemical Company and used as received. The TBP

physical properties are presented in Tables 15 and 16. Ali other chemicals

used were of analytical pure grade. Benzene was used as the diluent, lt was

chosen because of its superior results with TIOA (see Section 3.C.3). In

addition, aromatic hydrocarbons, especially benzene, are preferred diluents

from research on the PUREX process. They have higher extraction coefficients

for metal and do not form a third phase as readily as non-aromatic

hydrocarbons [SCH84B].

In the first experiment the TBP concentration in the organic phase was '_
_

varied and the aqueous phase was 12 M HCI. The effect of HCI, chloride, and

hydrogen ion concentration on extraction was studied next. The organic phase

was 1 M TBP in benzene. Initially, the aqueous phase contained the

radioactive tracer. The tracer stock solution was in 12 M HCI and the chloride
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concentration was varied with LiCI. The effect of HNO3 concentration on

extraction was also studied. For this experiment, the tracer was in 14 M HNO3

and the organic phase was 1 M TBP in benzene. The composition of the

phases in these experiments are listed in Table 17.

Ali solutions were pre-equilibrated just prior to the extractions. The aqueous

'- and organic phases were 500 ILLeach. The phases were n'lixed for 2 minutes,

centrifuged for 30 seconds, separated, and counted in a germanium

spectrometer system as described in Section 2.C. From counts of the aqueous

and organic phases, the percent extraction, or distribution coefficients (Kd = (cts

org!vol org)/(cts aqueous/v oi aqueous)) can be calculated.
Table 15. TBP Physical Data at 25 °C

Molecular Boiling Point Density Solubility
Weight (°C) (g/mL) (tool/L)

i TBP in Water Water in TBP

266.32 284 ± 5 0.9727 1,6 E-3 3.58

.Reference [MAR69B] '

' Table 16. Solubility of TBP in HCI Solutions

[HOI]M Solubility (mM)
5 °C 15 °C 25 L°C 35 °C 45 °C

J

0 3.6 2 4 1.68 1.3 1.1

" 1 3.2 2 2 1.67 1,3 1.2

• 2 2.7 2 0 1.66 1.4 1.3

3 2.0 1 9 1,68 1.5 1.5

4 2.4 2 0 1.88 1,8 1.7
z,

: 6 2.5 2 2 2,1'7 2.2 2.1

7 2.9 2 9 2.93 2, i:! 2.9,11

: 8 3.26 - -

9 " - 3.56 -
Reference [BEL75]
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Table 17 TBP Variable Concentrations

Component Aqueous Phase Organic Phase Figure #
Varied [TBP] M

TBP 12 M HCI 0.25, 0.5, 1,fJ !.5, 2.0 40

HCi 2, 4, 6, 8, 10, 12 M HCI 1.0 41 "

CI" 6 M H+; 6, 8, 10 M CI" 1.0 42
,,w

14+ 6 M CI'; 2, 4, 6 M H+ 1.0 43

HNO3 4, 6, 8, 10, 12, 14MHNO 3 1.0 44

3. 95Zr-95Nb Extraction Results and Conclusions

In the first experiment the effect of TBP concentration on tracer extraction

was examined (Figure 40). The results show a maximum in the zirconium

extraction at 1 M TBP where the maximum extraction was at Kd = 330. This

result is similar to the TIOA extraction of zirconium where maximum extraction

also occurs at 1 M TIOA (Figures 20 and 31). Above 1 M concentration of

lig&nd, aggregation occurs and inhibits zirconium extraction, as mentioned in

Section 3.C.1. The extraction curve for niobium differs from the zirconium

extraction curve. The extraction of niobium reaches a plateau at 1 M TBP.

Within the error limits of the data, niobium extraction remains constaqt as the

TBP concentration is increased beyond 1 M.

The next experiment measured the effect of HCI concentration on zirconium

extraction (Figure 41). The results show that extraction of zirconium and

niobium both increase as a function of HCI concentration. At low .

concentrations, both metals extract poorly. The niobium extraction increases
&

immediately as the HCI concentration is increased, while the zirconium

extraction begins to increase between 4 and 6 M HCI. Both tracers show little

increase in extraction above 10 M HCI witt_inthe measurable limit of the



experiment. Generally, niobium has a larger distribution coefficient than

zirconium.

The effect of chloride concentration on zirconium extraction was also studied

(Figure 42). The hydrogen io_ concentration was kept constant at 6M, and the

chloride concentration was varied from 6 to 10 M with LiCI. The results show

- that the extraction of both tracers increases with increasing chloride

concentration. Again, the niobium extraction is greater than the zirconium. The

niobium extraction begins to level off at 8 M chloride, while the zirconium

extraction continually increases up to 10 M chloride.

Figure 40. Effect of [TBP] on 95Zr-95Nb Extraction

600 -

400 {

300 }

[] _ B 95Zr

I_ • 95Nb
200 i_

1O0

0 ..... _, -- -f • 1
" 0 1 2

TSP [Mi

73

4



Figure 41. Effect of [HCI] on 95Zr-95Nb Extraction
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Figure 42. Effect of [Cl'] on 95Zr-95Nb Extraction
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The effect of hydrogen ion concentration on zirconium extraction was also

studied (Figure 43). Hydrogen ion concentration has a greater effect on

zirconium than niobium extraction. Over the range examined, 2 to 6 M HCI, the

zirconium distribution coefficient increases by about 2 orders of magnitude
a

while the niobium distribution varied by less than an order of magnitude. As

" with the other systems, niobium extraction is greater than zirconium.

Figure 43. Effect of [H+] on 95Zr-95Nb Extraction
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A final experiment was conducted on the effect of nitric acid concentration on

zirconium extraction (Figure 44). In this experiment, the organic phase was 1 M

, TBP in benzene and the concentration of nitric acid in tile aqueous phase was

varied. The experiment showed that zirconium extracts better than niobium.

However, the zirconium extraction decreases when the nitric acid concentration

exceeds 12 M. This is due to TBP extraction of nitric acid. At this concentration,
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nitric acid can successfully compete with zirconium for TBP extraction. The

results of this experiment gave further support for the use of HCI as the aqueous

phase. Unlike nitric acid, HCI does not successfully compete with zirconium for

TBP (Figure 41).

,,,,,__..,_,,_/_,_r -- , .............. , , ,, ,, ,

' :, F!gure 44. Effect of [HNO3] on 95Zr-95Nb Extraction
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The results from these series of experiments were used to determine which

type of organic and aqueous phases would be preferred for rutherfordium

extraction studies. Zirconiurn extractions were high (Kd > 10) for HCI and

Chloride concentrations above 8 M. Therefore, it was decided to examine

rutherfordium extraction with TBP at HCI, chloride, and hydrogen ion

concentrations between 8 and 12 M. A concentration of 1 M TBP in benzene

was used for the tracer experiments. However, 0.25 M TBP benzene was used

for rutherfordium extractions. The lower TBP concentration was easier to
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evaporate and facilitated thin sample preparation. The lower TBP concentration

should not greatly decrease the extent of rutherfordium extraction. From Figure

40, the zirconium distribution coefficient is 175 for 0.1 M TBP. This is lower than

the maximum distribution coefficient of 330 at 1.0 M TBP. However, both these
II

distribution coefficients represent over 99% extraction.

- 4_ Rutherfordium and Homolog Extraction Results

Tracer studies of the extraction of rutherfordium homologs were carried out

using 95Zr, 169Hf,228Th,and 238pu. The 95Zr, 228Th,and 238pu were used in

off-line experiments while 169Hfwas produced on-line at the 88-inch Cyclotron

using a Gd20 3 target with 180 projectiles as described in Section 2.A.4.c.

Ali solutions were pre-equilibrated prior to the experiments. The

experiments using 95Zr and 228Thtracers were conducted with 500 I_Leach of

the aqueous and organic phases. In the 169Hfexperiments, 10 pL of aqueous

phase and 20 pL of organic phase were used. In the 238pu experiments 100 pL

of each phase were used.

The aqueous phase contained various HCI, chloride or hydrogen ion

concentrations and the radioactive tracer. The HCI concentration was varied

between 8 M and 12 M, the chloride concentration was adjusted to 8 M and 12

M using LiCI with [H+] = 8 M, and the hydrogen ion concentration was varied

between 8 M and 12 M with the chloride concentration held constant at 12 M.

The tracer stock solutions were 12 M HCI with a specific activity of 20 p.Ci/mL.

The organic phase consisted of 1 M TBP in benzene for experiments with

238pu extraction for varied HCI concentrations and 0.25 M TBP in benzene for

. ali other extraction studies.

For the experiments with 95Zr, 228"Ih,and 238pu, the aqueous and organic

phases were vigorously mixed for 2 minutes, and centrifuged for 30 seconds to

separate the phases. The phases were separated and assayed for alpha and
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gamma activity as described in Section 2.C. For the 169Hf experiments, the

phases were mixed using a sonic mixer for 5 seconds and separated by

centrifuging for 10 seconds, The phases were separated and assayed for

gamma activity. From counts of the aqueous and the organic phases the
ii

percent extraction or distribution coefficients were calculated.

The rutherfordium experimental conditions were similar to those of 169Hf' At

the collection site, the 261 Rf with an KCI aerosol was collected on a Teflon disk

for 90 seconds. The deposited 261Rf was removed from the Teflon disk with 10

p.Lof aqueous phase and added to 20 pL of the organic phase in a 1 mL

centrifuge cone and mixed in a sonicator for 5 seconds. The solution was

centrifuged for 10 seconds to separate the phases. The organic phase was

removed and placed on a glass cover slip on a hot plate to evaporate the

organic phase, leaving the 261Rf on the cover slip. The slip was p_acedover a

PIPS detector and counted for alpha emissions and spontaneous fissions. The

presence of rutherfordium was detected from alpha decay.

l'he effect of HCI concentration on extraction is shown in Figure 45. The

organic phase was 1 M TBP in benzene for plutonium. In ali other experiments

the organic phase was 0.25 M TBP in benzene. Zirconium and plutonium

extraction remained high in the HCI range of 8 to 12 M. The zirconium result is

consistent with Figure 41 where the extraction is near 100 % in the same HCI

concentration range. The tracer results are consistent with literature data

[PEP56], [CLE70]. The results show that extraction for zirconium, hafnium,

thorium, plutonium and rutherfordium increases or remains high as a function of

HCI concentration.
4

In the next experiments the effect of chloride concentration on extraction of

rutherfordium and its homolog with the hydrogen ion held constant at 8 M was
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examined (Figure 46). Ali experiments were conducted with an organic phase

of 0.25 M TBP in benzene,

Figure 45. Effect of [HCI] on Extraction of 95Zr, 169Hf, 228Th,
J.

238pu, and 261Rf
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The rutherfordium extraction reached a maximum around 10 M chloride,

then decreased as the chloride concentration was increased to 12 M. The

extraction for zirconium, hafnium and thorium continued to increase as a

function of chloride concentration, similar to the effect with varied HCI

concentration. The extraction of plutonium decreased as a function of chloride

. concentration. These results indicate that rutherfordium and plutonium form

anionic chloride specie,, at higher chloride concentration. These anionic

species do not extract with TBP. The plutonium result is consistent with
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literature data on nitric acid systems in which plutonium forms unextractable

anionic species [SCH84].

Zirconium and hafnium form anionic chloride species at high chloride

concentrations [0OT72]. However, these complexes are not as strongly anionic
i

as plutonium complexes. The TBP appears to stabilize the zirconium and

hafnium neutral complexes, while it is unable to stabilize a neutral plutonium ,,

complex at chloride concentrations above 8 M. Thorium does not form anionic

chloride complexes. This experiment shows where rutherfordium deviates from

the expected chemical trend of the Group 4 elements. If rutherfordium acted as

the other Group 4 elements, the extraction should have increased as the

chloride concentration increased. At 12 M chloride, rutherfordium extraction

was at a minimum in the experiment range while zirconium and hafnium

extraction was at a maximum. The results are similar to experiments conducted

on hahnium (Element 105) [GOB91], [GRE91], [KRA89]. In these experiments,

hahnium is shown to act more similarly to protactinium than niobium or

tantalum.
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Figure 46. Effect of [CI'] on Extraction of 95Zr, 169Hf, 228Th,

' 238Pu, and 261Rf
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Figure 47 shows the effect of hydrogen ion concentration on rutherfordium,

zirconium and hafnium extraction. Hydrogen ion concentration does not affect

the extraction of zirconium and hafnium at the experimental conditions. The

extraction for these elements is similar to that for 12 M chloride and 12 M HCI.

On the other hand, rutherfordium extraction increases as a function of hydrogen

ion concentration in the examined range. This result is consistent with the

formation of a HCI salt as the extracted metal-ligand moiety. The extracted

. complex may be RfCIxHx.4.yTBPwhere x is 5 or 6. Other examples of this type

- of extraction with TBP have been observed earlier [SCH84].
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Figure 47. Effect of [H +] on Extraction of 95Zr, 169Hf, and 261Rf
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These extraction results for the first time showed evidence for a deviation of

rutherfordium chemistry from the other Group 4 elements. The unexpected

chloride results indicate that rutherfordium at times behaves more like

tetravalent plutonium than zirconium or hafnium. In addition, rutherfordium

__ extraction was effected by hydrogen ion concentration, while zirconium and

hafnium showed no effect. These results indicate that rutherfordium forms

: anionic complexes more readily than zirconium or hafnium. In addition, the

extracted complex for rutherfordium appears different from those of zirconium or

: hafnium. This is dramatically demonstrated by the difference in the effect of

hydrogen ion concentration on metal extraction. These differences, along with

the differences between hahnium and its Group 5 homologs, indicate an

unexpected trend in the transactinide elements.
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E. Thenoyltrifluoroacetone
.,

1. Introduction

Experiments on metal extraction utilizing thenoyltrifluoroacetone (TTA) are

discussed in this section. Information on the properties of TTA are presented in

Table 18. Llnlike TIOA or TBP, TTA chelates the metals it extracts. This

- chelation forms an organic soluble complex with the metal. Generally, organic

chelating agents like TTA form stable, monomeric compounds with metals. This

is because the organic chelating agent acts as a weak acid, exchanging a

proton for a cationic metal. The donor group complex is a bidentate chelate

with TTA. If enough material is present, the complex can be isolated as a solid.

Diluent effects are minimized with these compounds [MAR69C]. The general

extraction equation is:

xHTTA + MX+ce M(TTA)x + xH+ (Equation 5)

where Mx+ is the metal or cationic metal complex,

Table 18. TTA Data

Molecular Molecular Melting Point Boiling Point
Formula Weight (°C) (°C)

C8H502F3S 222.2 42,5-43.2 123

,J

TTA is a popular chelating species used in the extraction of 4+ metals and

much work has been done with it, Studies of optimum conditions for zirconium
=.

: extraction using TTA with HCI and HNO3 shows that 98% extraction occurs in

0.25 M acid [ERT73]. TTA has also been used to separate zirconium from
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hafnium with an aqueous phase of 2 M perchloric acid [CON49]. Others used

TTA to find the equilibrium constant and the heat of extraction of Np(IV) and

Pu(IV) complexes [RAM78]. TTA will not extract 3+ species under the same

conditions as for 4+ ions. For this reason, it has been used as a method of

separating some 4+ actinides from lanthanides [SAM80]. investigations of

tetravalent plutonium complexation by TTA from sulphate, nitrate, chloride, and

fluoride aqueous solutions have been done [BAG76]. The thermodynamic

propert',es of the extraction of thorium were determined by performing

extractions at different temperatures [PATS0].

Most of the work with TTA has been done with nitric or perchloric acid in the

aqueous phase. The work presented in this section was done with HCI.

Aqueous solutions of HCI generally result in lower Kd's for tetravalent metal

extraction at the same pH compared to HNO3 or HCIO4[BAG76], [ERT73],

[SEK67].

TTA has also been used in mixtures with other reagents in synergistic

extractions, which sometimes improve results. Synergism is when two

extractants have greater extracting power than the sum of the extractants

i individually. Studies on the adduct forrnation of Eu(lli) and Th(IV) chelate

complexes of TTA and isopropyltropolone with TBP and methylisobutylketone

have been conducted [SEK67]. The addition of tri-n-octyl phosphine oxide

_- (TOPO) to TTA was found to enormously enhance the extraction of Np(IV) and

Pu(IV) [PATS0]. However, irl other instances, no positive effect was noticed. A

mixture of TTA and dipentyl sulphoxide showed no strong synergistic effects in

: the extraction of Zr(iV) from HCI [PAN86].

The metal species involved in the extrac[ion with TTA are at times not well

known. The literature results differ on the form of the metal chelate species in

-: the organic and aqueous phase. Early work was conducted in aqueous HCIO4
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solutions. In these experiments the form of the metal chelate was determined to

be Zr(TTA)4 and the form of the metal in the aqueous phase was between Zr4+

and Zr(OH)3+ [CON49]. However, others report that it is the zirconyl ion (ZrO2+)

which is in solution [ERT73], [HUF49]. Still other work claims ZrO2+does not

exist [MAC73], but, it has also been stated that Zr4+does not exist uncomplexed

• to oxygen in acidic environments [COT72], Still others believe that in slightly

acidic solutions, zirconium is in the form Zr(OH)3+ or Zr(OH)22+ [SOL73].

TTA was first synthesized by Reid and Calvin [REI50]. lt has been one of the

most widely used chelating agents in the solvent extraction of metal ions

because of its special ability to extract metals from highly acidic solutions.

Since it can operate at lower pH compared to other chelating agents, there can

be better extraction without interference from hydrolysis. The extraction also

has a high power dependence on acidity, making separations easily achievable

through control of the pH [POS61].

The structure of TTA has the following three forms shown in Figure 48. Of

the three forms, only the enol and hydrate are important for extraction. The keto

is not prevalent in either the aqueous or organic phase. In benzene, 89% of the

TTA is in the enol form and 11% is in the hydrate form [KIN51]. In dilute acid,

98.4% of the TTA is in the hydrate form and 1.6% is in the enol form [REI50].

TTA is only slightly soluble in an acidic aqueous phase, The distrii3ution

coefficient of TTA between benzene and 2 M perchloric acid is 40 [CON49],

Figure 48. Forms of TTA

o 0 o OH OH

Keto Enol .-- Hydrate
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The metal is extracted from the acid to the benzene due to chelate formation

involving the enolate ion and the charged metal. The pKa of the enolate is 6.38

[COO52], The structure of the metal-chelate complex is shown in Figure 49,

Each uncomplexed tetravalent metal can cornplex with up to 4 molecules of
a

TTA° Such a complex would have 8-coordinate geometry, The chelate gains

extra stability through resonance of the double bonds. This resonance is

depicted in Figure 50. The neutral complex formed is soluble in the organic

phase,

Figure 49. Metal TTA Complex
f-M

O "O

--- ,.,

Figure 50. TTA Resonance

A desirable property of 'TTA extractions is the effect of the aqueous phase on

metal selectivity. Since TTA is a weak acid, the formation of extractable

complexes is dependent upon pH. The simplified equilibrium expression for the

distribution coefficient is"

Kd = [M(TTA)x Jorg (Equation 6)
IU
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Substituting the distribution coefficient into the equilibrium constant for Equation

5 gives:

Kd[H+]x
(Equation 7)

• Keq= [HTTA]X

Thus rearrangement of Equation 5 shows the effect of pH on the distribution

coefficient. An adjustment of pH will have a profound effect on tile extraction of

a metal. However, this is true only up to a point, As the pH is increased, the

enolate ion becomes dominant, increasing the solubility in the aqueous phase.

Near pH = 8, TTA is equally soluble in both phases. Above pH = 9, TTA cleaves

into trifluoroacetic acid and acetylthiophene [POS61]. At this point, TTA no

longer extracts metals.

2. 95Zr and 162Hf Extractions

Ali chemicals were of analytical grade. They were purchased from Aldrich

Chgmical Company and used as received. For the zirconium experiments, a

stock solution of 95Zr in hydrochloric acid was prepared at a concentration of

approximately 10 #Ci/50 pL. Two zirconium extraction experiments were

performed. In the first experiment, the HCI concentration was kept at 0.24 M

while the TTA concentration was varied between 0.005 M and 0.5 M (Figure

51). in the second, the TTA concentration was kept at 0.25 M while the HCI

concentration was varied between 0.25 M and 4 M (Figure 52). After the

. solutions were prepared and pre-equilibrated, 500 I.tLof the TTA in benzene

and 500 I.tLof the HCl were mixed on a vortex mixer for two minutes. Initially,

the tracer was in the aqueous phase. The phases were separated by

centrifuging and then transferred to vials. The gamma activity in each phase

was assayed as described in Section 2.C,
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Figure 51. Effect of [TTA] on 95Zr Extraction
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Figure 52. Effect of [HCI] on 95Zr Extraction
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The hafnium experiments were performed at the Lawrence Berkeley

Laboratory 88-Inch Cyclotron, The isotope 162Hf was produced by the 147Sm

(20Ne,5n) reaction (see Section 2.A.4.b). A helium jet was used to transport the

activity from the target to the lab area where the activity was deposited on Teflon

squares. Experiments on 162Hfused 10 ILLof aqueous phase and 20 p.Lof

' organic phase, employing the separation procedure described for rutherfordium

separations, Two extraction experiments were performed. In the first, the HCl

concentration was kept at 0.24 M while the TTA concentration was varied

between 0.05 M and 0.5 M (Figure 53). In the second, the TTA was kept

constant at 0.25 M while the HCl was varied between 0.05 M and 0.5 M (Figure

54). The gamma activity in each phase was assayed and the distribution

coefficient was calculated.

Figure 53. Effect of [TTA] on 162Hf Extraction
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Figure 54. Effect of [HCi] on 162Hf Extraction
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3. 95Zr and 162Hf Extraction Results

A comparison of the data for zirconium and hafnium shows three things.

First, zirconium generally extracts better than hafnium as indicated by the higher

Kd values. This result is consistent with the data in the literature [POS61],

[CON49]. Second, both zirconium and hafnium form similar complexes with

TTA. This is shown by the fact that their slopes as a function of TTA

concentration are similar (both approximately 1.2), which means they are

similarly dependent on the TTA concentration (See Figures 51 and 53). From
m

these figures, it can be seen that a good choice for the range of TTA

concentrations for rutherfordium extraction would be between about 0.25 M and

0.5 M. In addition, TTA is kinetically slow compared to TIOA and TBP [POS61].

A high 'TTA concentration helps overcome the slow kinetics. Therefore, 0.5 M

TTA in benzene was the concentration chosen for rutherfordium extraction.
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Finally, the need for a low acid concentration for good extraction is shown in

Figures 52 and 54. Ttlis is especially true if rutherfordium behaves more like

plutonium than the other Group 4 elements. Previous work has shown that the

Group 4 elements have higher distribution coefficients than plutonium under the

same conditions [POS61]. In addition, the equilibrium constants for TTA

• complex formation of plutonium are lower than for hafnium or zirconium

[STA64]. From these zirconium and hafnium results, HCI solutions of 0.24, 0.10,

and 0.05 M. HCI solutions were chosen for extraction studies of rutherfordium.

4. Rutherfordium and Homolog Extraction Results

Studies of the rutherfordium homologs were carried out using 95Zr, 172Hf,

228Th, and 238pu tracers. Ali solutions were pre-equilibrated prior to the

experiments. The homolog experiments were conducted with 500 pL each of

the aqueous and organic phases. The HCI concentration was varied from 0.05

M to 0.24 M and contained the radiotracer. The organic phase was 0.5 M TTA

in benzene.

The aqueous and organic phases were vigorously mixed for 2 minutes, and

centrifuged for 30 seconds to separate the phases. The phases were extracted

and assayed for activity as described in Section 2.C and the percent extraction

or distribution coefficients were calculated.

The rutherfordium production and chemistry was done at the 88-Inch

Cyclotron (see Section 2.A.4.a). At the collection site, the 261Rf with the KCI

aerosol was collected on a Teflon disk for 90 seconds. The 261Rf was removed

from the Teflon disk using 10 pL of aqueous phase and was added to 20 I.tLof

. organic phase in a 1 mL centrifuge cone and mixed in a sonicator for 10

seconds. The solution was centrifuged for 10 seconds to separate the phases.

The organic phase was removed and placed on a glass cover slip on a hot
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plate to evaporate the organic phase, leaving the 261Rf on the cover' slip. The

sample was assayed as described in Section 2.C.

The results (Figure 55) show that of the elements studied rutherfordium

extracts greater only than thorium in the HCI range examined. The extraction of

zirconium, hafnium, plutonium, and thorium follows the values in the literature

[RAM78], [BAG76], [SEK67], [STA64], [POS61]. Zirconium extracted the best.

Hafnium and plutonium extracted about the same, with hafnium usually slightly

greater. Rutherfordium extracted at a percentage between plutonium and

thorium. Thorium extraction was the lowest.

Figure 55. Effect of [HCI] on 261Rf and Homologs Extraction
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Extraction of ali the tetravalent tracers increased as the HCI concentration

decreased. At the lowest HCI concentration (0.05 M), the extraction for ali the

tracers was greater than 90 %. There was very little trivalent actinide extraction
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under the conditions studied. In fact, under these conditions, TTA gave the

better separation from the trivalent actinides compared to TIOA or TBP. TTA

begins to extract the trivalent lanthanides and actinides near pH =-3 [SEK67]

[STA64]. Extractions with an organic phase of 0.5 M TTA in benzene and an

aqueous phase of 0.05 M HCI would be optimal for new rutherfordium isotope

° searches. These conditions would eliminate contamination from trivalent

actinides which could giv_ spurious SF or alpha events.

5. Calculations

Equation 7 shows the interrelationship between Kd and Keq for a metal

extraction. However, this relationship is true only if the form of the metal

complex is the same. In the HCI range examined, it is assumed that the

extracted complex for plutonium, thorium, hafnium and zirconium is the same

[RAM78], [BAG76]. However, the literature also contains instances where

zirconium has different forms (see Section 3.E.1). For these calculations, it is

assumed that the TTA-Rf complex is the same as the other tetravalent metal

species.

The calculations will be used to examine the distribution coefficient of the

metals at 0.24 M and 0.10 M HCI. The rutherfordium extraction at 0.05 M HCI

was too high to calculate a meaningful distribution coefficient. Plots of Kd

versus Keq for the tracers are used to determine the equilibrium constant for the

TTA-Rf complex. Table 19 shows the distribution coefficients calculated for the

metals at 0.1 M and 0.24 M HCI.

The equilibrium constant for the tracers with TTA are presented in Table 20.

• The equilibrium constants for TTA reported irl the literature vary [STA64],

[MAR69C], [KAT86], [PAT80] The values for zirconium, hafnium, and plutonium

varied by about a factor of 10. The equilibrium constant for thorium varied by

more than a factor of 100. The values used for the calculations utilized TTA
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equilibrium constants derived in weak acid solutions [PAT80], The graph of log

Kd versus log Keq is shown in Figure 56.

Table 19. Distribution Coefficients for 261Rf and Homologs
, ,,) o'

IsotoPe Kd (0.24 M HCI) Kd (0.10 M HCI)

95Zr 21.0 ± 1.4 70.2 ± 4.7 .

172Hf 5.60 + 0.37 17.4 + 1.5

228Th 0.367 ± 0.020 1.20 ± 0.07

238pu 5.10 + 0.29 15.8 ± 1.2

261Rf 0.78 ± 0.16 1.6 ± 0.3

Table 20. TTA Equilibrium Constants

Element log Keq

Zr 9.30

Hf 7.20

Th 2.25

Pu 6.85

References [PATS0], [STA64], [KAT86]

From Figure 56, the equilibrium constant for rutherfordium with TTA can be

calculated and is presented in Table 21. The results show that the equilibrium

constant for rutherfordium is between that of plutonium and thorium.

Table 21. Keqfor Rutherfordium with TTA

Solution log Keq •

0.24 M HCI 3,58 ± 0,76

0.10 M HCI 2.77 ± 0.54

Ave 3.1 8 + 0.90
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Figure 56. log Kd vs. log Keq
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TTA extraction studies have been extensively used to study the hydrolysis

constants of metals [BAE76]. This is due to the fact that TTA metal complexation

simulates metal hydrolysis, since oxygen isthe donor group in TTA. The

reaction for hydrolysis of tetravalent metal is:

xM4+ + yH20 _ Mx(OH)y(4X-y)+ + yH+ (Equation 8)

The calculation for rutherfordium hydrolysis will ignore the formation of

" polymers. Polymer formation is highly unlikely due to the low production rate.

Therefore, x = 1 for Equation 8. From Equation 8, the hydrolysis constants are'

[M(OH)y(4.y)+]lH+]Y

Kly = [M4+] (Equation 9)
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where y is the number of hydroxide groups on the metal. The hydrolysis

constants of the tetravalent tracers are presented in Table 22. The plot of Khycl

versus Keq is shown in Figure 57.

i ,,, __ ,,,,, ___

Table 22. Tracer Hydrolysis Constants

Element log Kll log K12 log K13 log K14

Zr 0.3 -1.7 -5.1 -9.7

Hf -0.25 -2,4 -6.0 -10.7

: Th -3.20 -6.93 -11.7 -15.9

Pu -0.5 -2.3 -5,3 -9.5
Reference [BAE76]

Figure 57. log Khyd vs. log Keq
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": Figure 57 shows the relationship between Khyd and Keq. However, the

- correlation between log Keq and log Khyd decreases as the hydrolysis number
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increases. The reason for tr,is is the fast decrease in tlhehafnium hydrolysis

constant. Table 22 shows that Kll for hafnium is greater than that of plu'_anium.

However, K13 and K14 for hafnium are less than that of plutonium, This

decreases the correlation between Khycl and Keq, The equations for the four

lines in Figure 57 were used to calculate the hydrolysis constants for

rutherfordium, These results are presented in Table 23,

Table 23. Rutherfordium Hydrolysis Constants

X Y log Kxy

11 -2.6+0,7

12 -5,9 :L1,7

13 -10,2 z 29

14 .145±4,1

These results indicate that rutherfordium will not hydrolyze under conditions

when zirconium and hafnium will. Therefore, rutherfordium chemistry can be

studied in lower acid concentrations compared to zirconium chemistry. The

chemistry of zirconium and hafnium is often limited by hydrolysis.

The hydrolysis constant of rutherfordium is greater than the hydrolysis

constant of thorium. Rutherfordium should experience hydrolysis in slightly

more acidic solution than thorium. Thorium hydrolysis, in 10.5 M concentration

of thorium, is not dominant until pH = 4, Studies of rutherfordium chemistry up

to this pH range should be possible without interference from hydrolysis,

. Zirconium and hafnium would only exist as hydrolysis products under these

weak - -ia(, d conditions [BAE76]. This result further helps define an acceptable

range of HCI concentrations for studies of rutherfordium,
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The hydrolysis constants were used to examine the hydrolysis species

distribution as a function of pH for zirconium, hafnium, thorium, plutonium, and

rutherfordium (Figures 58-62). The species distribution was calculated using

the program SPCONC, which is a subroutine of the program 8ETA [HAR81],

[HAR79]. The species were calculated for a tnM metal solution. The results

show that zirconium and hafnium will exist as hydrolysis products in conditions

where rutherfordium will not.

Finally, a calculation of the ionic radius can be made utilizing the equilibrium

constant derived for rutherfordium with TTA. Born [BOR20] proposed that if ions

are assumed to be spherical, the energy of solution should be expressed by the

equation '

e_" 1
,_E = -_:.(1--_.-) (Equation 10)
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Figure 58. Zirconium Species Distribution
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IFigure 59, Hafnium Species Distribution
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Figure 60. Thorium Species Distribution
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Figure 61. Plutonium Species Distribution
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where D = dielectric constant of the solvent, r = radius of the ion, e = charge on

the ion, and bE = energy change. Since log Keq is directly related to energy

[MAR52], Equation 10 can be rearranged to give the proportionalily:

, e2
log Keq oc-- (Equation 11)r

II,

In general, this equation implies an increase in the equilibrium constant with

an increase in e2/r. If Equation 11 is applied to the tetravalent metals used in

the extraction experiments, e2 can be neglected and the proportionality simply

becomes:

1
log Keq (z- (Equation 12)r

Therefore, plotting 1/r versus log Keq should show the relationship between

ionic radius and log Keq. This plot is shown in Figure 63; the ionic radius used

for the tracers is given in Table 8.

Although Figure 63 is not a linear relationship, it is strikingly consistent with

the graphs presented in the literature [MAR52]. The ionic radii for both the 6

and 8 coordinate complexes are included on the figure. The ionic radii of

rutherfordium was estimated from the figure using the calculated equilibrium

constant of rutherfordium and is presented in Table 24. The error in the

estimate results from the error in the log Keq for rutherfordium.m

The ionic radius estimates can be compared to values in the literature. A

, previous estimate for the ionic radius of 6 coordinate rutherfordium from

experimental data was 89 pnl [GLE89]. An estimates of 80 pm was obtained for

6-coordinate rutherfordium using MCDF calculations [JOH90]. The estimate of
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91 + 4 pm obtained in these experiments is in good agreement with the

previous experimental value. No previous ionic radius estimate of 8,-coordinate

rutherfordium has been made, but the value of 102 + 4 pm appears reasonable.
,i

The 12 % increase in the ionic radius of rutherfordium from 6-coordinate to 8-

coordinate is within an acceptable increase for the tetravalent elements

examined (Table 25). J

Table 24. Ionic Radius for Tetravalent Rutherfordium

; Coordination Number ionic Radius (pm)

6 91+4

8 102±-4

Figure 63. 1/r vs. log Keq
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Table 25. Increase in Ionic Radius from 6-Coordinate to 8-

Coordinate

Element Ionic 'Radius Increase (%)

Zr 16.7

Hf 16.9

' Th 11.7

Pu 11.6

Rf 12.1
Reference[ SHA76]
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Chapter.4,, $epr_bf..J:9_2-6-.3Rf

A. Introduction

The decay properties of the heavy element isotopes with neutron number

larger than 157 are of great interest, These heavy, neutron rich isotopes will

have lower Qvalues for alpha and EC decay compared to the lighter isotopes.

The Q value is the energy of the reaction. The lower Q values will result in an

increase in half-life. Recent discoveries of 260Md and 261Lr indicate that the odd

neutron hindrance against SF is great enough that the overall half-lives of these

neutron rich heavy element isotopes are on the order of minutes or longer

[LOU87], [LOU86]. Due to calculated smaller Q_ and QEC,263Rfis predicted to

have a longer half-life than 261Rf for these decay modes. If it can be produced

and identified, the longer lived 263Rf could be usecl for more complex chemical

studies. In addition, measurement of the decay properties of 263Rf will help

determine the importance of the deformed nuclear shell predicted near Z = 110

and N = 162 [MC)L88].

Past searches for 263Rf yielded no events, with a calculated upper limit of 20

minutes for the half-life [BRU89]. These experiments, however, were hindered

by a long chemical separation time (up tO 20 minutes). Liquid-liquid extractions

can be employed to reduce the chemistry time to about 1 minute,

From the experiments conducted with 261Rf, the TTA extraction system gives

a high ruttlerfordium extraction with little trivalent actinide contamination (see

Section 3.E.4). "]he organic phase for the 263Rf studies was 0.5 M TTA in

benzene, and the aqueous phase was 0.05 M HCI. The volumes used were 20

ILLof organic and 10 _L of aqueous. The irradiation and collection time was 3

minutes. The procedure is similar to the TTA extraction studies with 261Rf (see

Section 3.E.4,).
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B. Calculations

1. Cross Section

In previous attempts to produce 263Rf,the reaction 248Om(22Ne, o_3n)was

used [BRU89]. The search for 263Rf presented in this section used the

248Cm(180, 3n) production reaction. This reaction was chosen because previous

,. heavy element production work with the (22Ne,o_3n)reaction gave no results

[KRA92], [BRU89].

The cross section for the 248Cm,(180, 3n) reaction was calculated using a

modified version of the SPIT code [ALO74]. There are literature reports that the

cross section for an alpha 3n reaction can be approximated by a 4n reaction

[KRA92], For this instance, the 248Cm(190, 4n) reaction was calculated with

SPIT to approximate the 248Cm(22Ne,a3n) reaction. Figure 64 shows the SPIT

calculations for the 248Cm(22Ne,o_3n)263Rf;248Cm,(180, 3n)263Rf;and

248Cm,(180, 5n)261Rfreactions. The calculations for the 3n reactions are usually

optimistic by an order of magnitude. Therefore, the 3n cross section values were

reduced by an order of magnitude. Tile peak of the 3n excitation function is at

92.5 MeV. At this energy, the cross section is estimated to be 300 pb after

reduction by 10. The alptla 3n reaction was estimated to have the highest cross

section of 9 nb. However, this reaction was not used due to the previous

unsuccessful experiments which used this production method.

The 3n cross section of 300 pb can be used to estimate the 263Rfproduction

rate. With a 18O5+beam intensity of 0.5 pl.tAand a 248Cm target thickness of

500 l.tg/cm2, the production rate is about 2 atoms per hour. Folding in the gas jet

, transport yield, chemical yield and detector efficiencies, a detection rate of 1.3

events per hour for SF and 0.7 events per hour for alpha decay is estimated.
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Figure 64 SPIT Cross Section Calculation for 263Rf Production
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2. Alpha Decay

To calculate the alpha decay half-life, the masses of the parent and daughter

need to be derived. The masses are used to calculate the energy release (Q

value) for a nuclear decay process from the equation:

xp .__>(x-4)D + cz+ Q (Equation 13)

where P is the parent and D is the daughter. Knowing the mass of P, D, and ez;

Q can be obtained.

There are a variety of mass estimates for the heavy elements [HAU88]. To

determine which masses are most suitable for 263Rf, it is useful to compare the

estimates with the experimental values for 261Rf. The experimental Q value for
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the alpha decay of 261Rf is 8.60 MeV [LED78]. The masses which give the best

estimate of the Q value of 261Rf should also give an accurate estimate for 263Rf.

The mass estimates are given in mass excess and are measured in units of MeV.

The equation for mass excess is:

" & = M - A (Equation 14)

where z_is the mass excess, M is the total atomic mass, and A is the mass

number. The mass excess for an alpha particle is 2.425 MeV. Once the Q value

is calculated, the alpha decay energy can be obtained.

Most of the kinetic energy of alpha decay is carried by the alpha particle. A

ratio of the parent and daughter masses determines the amount of energy

available to the alpha particle. The equation relating Q value to alpha decay

energy (Eo_)is:

A D
Ecx= -:--(Q) (Equation 15)

Au

where Ap is the mass number of the parent, AD is the mass number of the

daughter, and Q is the Q value for the alpha decay. Substituting Ao_for AD in

Equation 15 will give the recoil energy of the daughter nucleus. The Q values

and alpha decay energies calculated from tile various masses are presented in

Table 26. From this table, the mass predictions of Satpathy [SAT88] and M611er

and Nix [MOL88A] give the closest agreement to the experimental Q value for

• 261Rf"

The model used by Satpathy [SAT88] calculated 3481 nuclei in the range of

18 < A _ 267 using the infinite nuclear matter model based on the Hugenholtz-

Van Hove theorem. The infinite nuclear matter approximation is used because
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this model assumes that Coulombic repulsion and surface attractive forces are

equal. This postulate states that an isolated sphere such as a nucleus will have

the same density as infinite nuclear matter.

w

Table 26. Q value Calculations

Groote Liran Meyer Spanier Satpathy M611er M611er Seeger Tachibana
& Nix

261Rf 101,88 101.34 102,77 101,41 101,21 101.83 100,34 101,5 101,19
263Rf 105.32 104,92 106,07 104,99 104,61 104,64 103,29 104,4 104.41
257No 90,62 90.09 91.54 90,25 90,17 90.84 89,69 90,9 90.62
259No 94.27 93.92 95,04 94.11 93,92 94.36 94,34 94.2 93.62
Q 261Rf 8.835 8,825 8.805 8.735 8.615 8.565 8.225 8,175 8.145
Ec_261Rf 8.700 8,890 8,670 8,601 8,483 8,434 8.099 8,050 8,020
Q 263Rf 8.625 8.575 8.605 8,455 8.265 7.855 7,525 7.775 8.365
E_263Rf 8,494 8.445 8.474 8,326 8.139 7.736 7,411 7.657 8.238

References [GRO76], [LIR76], [MYE76], [SPA88], [SAT88], [MOL88A], [MOL88],
[SEEF6], [TAC88], [HAU88]

Like many mass equations, this one examines the nucleus as a sum of global

and local parameters. The initial equation for the mass calculation is:

EF(A,Z) = ES(A,Z)+ h(A,Z) (Equation 16)

The ES(A,Z) is the global energy term and h(A,Z) is the local energy term.

The equation derived for the mass calculation from the Satpathy model is:

Z 2

EF(A,Z) = E(A,Z) + asA2/3+ ac_-_ - d(A,Z) + h(A,Z)(Equation 17)

The terms for Equation 17 are listed below.
J,

EF(A,Z) the ground state energy of a real finite nucleus with mass number A

and charge number Z.

E(A,Z) is the er_ergycontained in a volume of A and Z
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asA2J3is the surface term
Z2

ac_-_- is the Coulombic term

d(A,Z) is a pairing term which varies according to the nucleus.

- d(A,Z) = +4 X A-0.5for even-even nuclei

d(A,Z) = 0 for odd-A nuclei

d(A,Z) = -z_X A-0.5for odd-odd nuclei

h(A,Z) is the local residual energy term

The global parameters are as, ac and &. For this equation, they are equal to

25.846, 0.841, and 11.709 MeV respectively. A complete description of this

equation can be found in [SAT88]

The model employed by M611erand Nix calculated the ground state masses

for 4678 nuclei between 160 to 318122,and is an improved version of their 1981

model [MOL81]. As in the Satpathy model, this model uses terms for

macroscopic and microscopic parts of the nucleus. The macroscopic term uses

a Yukawa-plus-exponential potential. The microscopic term uses a folded-

Yukawa single-particle potential. Some of the new features of th!s model are the

incorporation of average pairing strength and the use of experimental

uncertainties.

The initial equation for the determination of the total nuclear potential energy

is:

. E(Z, N, shape)= Emacr(Z, N, shape) + Emicr(Z, N, shape) (Equation 18)

" After introduction of the potentials, this equation becomes:
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E(Z, N, shape) = MHZ+ MnN - av(1-kvl2)A+ as(loksl2)B1A2/3+ coA° +
Z2 Z4/3 Z2

Cl_-T_.B3- c4_-17_-+ f(kfrp)-_-A - ca(N-Z)+ Ew+Ep-aelZ 2.39 (Equation 19)

The terms for Equation 19 are listed below:

MHZ + MnN is the mass excess of Z hydrogen atoms and N neutrons . __

av(1-kvl2)Aare the volume and volume-asymmetry energies
=

as(1-ksl2)B1A2/3are the surface and surface asymmetry energies

coAo is the AOenergy
Z2

cl _i7_-B3is the direct Coulomb energy
Z4/3

c4_-f_- is the exchange Coulomb energy

f(kfrp)-_-A" is the proton form factor correction

ca(N-Z) is the charge asymmetry energy

Ewis the Wigner energy and Ep is the pairing energy. They are dependent

upon the N and Z of the nuclei,

Ewis"

W(lll + l/A) for Z and N odd and equal

W(lll +o)for ali other cases

Epis:

4-Ap + An- (_np for Z and N odd

+&p for Z odd and N even

+&n for Z even and N odd

+0 for Z and N even

aelZ2.3is the energy of the bound electrons

A wide variety of constants are present in this model. A complete description

of the model and listing of its constants can be found in [MOL88A]
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While the two models gave similar predictions for the 261Rf Q value, the Q

values for 263Rf predicted by these two calculations differ greatly'. The

difference, 0.41 MeV, results in a large difference in the calculated alpha half-life.

The relationship between alpha half-life and decay energy was recognized

early in radiation research [GEll 1]. This relationship was explained by alpha

" particle tunneling in the nucleus [CON29], [GAM29]. A large number uf formulas

have been derived to calculate the alpha half-life from the decay energy [VIO66],

[TAA61], [WAP59]. Unfortunately, most formulas are valid only over a limited

range of nuclei. For"our purpose, the alpha half-life calculation was taken from

an empirical alpha half-life equation developed for the heavy elements by

Hatsukawa et al. [HAT90], [HAT90A].

This equation is:

_A_ [arccos _/X -_/X(1- X)] -20 446. C(Z,N) (Equation 20)LogT= A(Z) ApQa .

where:
1710

A(Z) = 1.40Z + Z -47.7 (Equation 21)

Ad is the daughter A

Ap is tile parent A

Qo_is the Q value for the alpha decay

X = R1/R2= ro(Ad1/3+ 41/3--_-_
2Zde2 (Equation 22)

ro = 1.2249 fm

, C(Z,N) varies according to the region of the nuclides

C(Z,N) = [1.94 -0.020(82-Z) - 0.070(1 26-N)]

for 78 _<Z <82, 100 _<.N < 126

C(Z,N) = [1.42 -0.105(Z-82) - 0.067(1 26-N)
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for 82 < Z <_90, 110_< N _<126

C(Z,N) = 0 for other regions

Initial values calculated from Equation 20 are valid for ground state to ground

state transitions only. For even-even nuclei, the calculations are acceptable. For

other cases, such as 263Rf, decay hindrance must be considered. A hindrance

factor of 2 gives good agreement with the experimental odd A alpha half-life -

values. The calculated alpha half-lives for 261Rf and 263Rf are presented in

Figure 65. The 261Rf calculated hindered half-life at 8.3 MeV is 59 seconds.

This is in excellent agreement with the experimental half-life of 261Rf of 65

seconds.

Figure 65. Calculated Half-Lives for 263Rf and 261Rf
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Figure 65 is used to estimate the alpha half-life of 263Rf. As shown in Table

27, half-lives of 222 and 6920 seconds, respectively, are obtained based on
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estimates using the Satpathy and Mbller and Nix masses. The Eo_assumes

decay to the ground state. Alpha decay to an excited state will decrease the

alpha decay energy and correspondingly increase the half-life.

= i i,i,i, i i i, ,, . ,,,,,., , i, ,, , , ,...,, ,IL ,

Table 27. 263Rf Alpha Decay Half-Life Estimate

'- Mass Model Es (MEV) tl/2 (see.)

Satpathy 8.139 222

MSIlerand Nix 7.736 6920

The best estimate is that the alpha decay half-life will be between 100 and

7000 seconds, lt should be noted that the MSIlerand Nix masses are frequently

used for heavy element mass calculations, If the MSIlerand Nix values are

better, then the alpha decay half-life should be at tile longer end of the range, or

on the order of 2 hours.

3. Electron Capture

The electron capture half-life was estimated using the method given in

Appendix V of the Table of the Isotopes [LED78]. For this calculation, the QEC

and the log ft values for'the decay involved need to be estimated. The QECfrom

the decay is calculated from the equation'

QEC = (AP-Z&D) (Equation 23)

where _.p and AD are the mass excess of the parent and daughter. The mass

excesses for 263Rfand 263Lrfrom the Satpathy and M_ller and Nix masses are

presented in Table 28.

The log ft is the sum of the logs of the Fermi function and log of the half-life.=,

For the heavy elements, the log ft is approximately 6 [LED78]. Using this value,
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and the QECvalues calculated from the masses, the EC half-life was calculated

to be about 4000 seconds. The results are presented in Table 28.

Table 28. Mass Excesses (MEV) of 263Rf and 263Lr and EC Half-lives

Satpathy M_ller and Nix

263Rf 104.61 104.64 -'

263Lr 103.31 103.01

QEC 1.30 1.63

EC Half-life (seconds) 4000 3600

4. Spontaneous Fission

Spontaneous fission (SF)is the predominant decay mode for even-even

rutherfordium isotopes. For the odd A rutherfordium isotopes, SF is prominent in

the lighter isotopes, 253 and 255. For the heavier odd A isotopes, 257 - 261,

alpha decay is the dominant decay mode. However, as A increases, the alpha

decay energy decreases and hence the half-life increases. At the isotope 263Rf,

SF decay may compete with alpha decay. Therefore, SF must be considered for

a complete estimate of decay modes. The estimate of SF half-life was done

using two methods. One method involved the use of a semi-empirical formula for

SF half-life calculation by Lojewski and Baran [LOJ88]. The second method

utilizes experimental systematics to determine the half-life developed by Hoffman

[HOF89].

The following equations are from Lojewski and Baran [LOJ88]. The

calculation for the SF half-life uses a single-particle Woods-Saxon potential

(Figure 66). In calcul3ting the SF half-life, a semi-empirical mass parameter was

used. The mass parameter, Br, was calculated from:
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Br = _[1+1--_7k exp[-(r-0.75Ro/d)] (Equation 24)15

where II. is the reduced mass of the fission fragments, Ro= roA1/3,;d= Ro/2.452,

and k is an adjustable parameter set to 11.5 for these calculations. The SF half-.

" life was calculated according to the WKB approximation.

In2 1
TSF= _-- (Equation 25)n P

In Equation 25, n is the number of assaults on the fission barrier per unit time

and P is the penetrabilily through the potential barrier. Assuming Eo= 0.5 MeV

for the zero point energy, n = 1020.54S. The barrier penetrability P is:

P = 1 + exp 2f[2Br/h2(V-Eo)]l/2dr (Equation 26)
I'1

The terms for Equation 26 are shown in Figure 66.

The result of these calculations for the SF half-life of 263Rf is 10,000 seconds.

The SF half-lives calculated with this method are generally 3-5 orders of

magnitude higher'than 'from other methods [LQJ88]. in addition, the calculated

results for known odd A rutherfordium are too high by 1-2 orders of magnitude.

This fact requires another estimate for the SF half-life of 263Rf.

The experimental systematic method relies upon hindrance factor calculations

for the odd neutron and is taken from Hoffman [HOF89]. In the case of 263Rf, the

odd neutron is the 159th neutron. The only other known even Z element with 159

neutrons is 259Fm.To calculate the spontaneous fission hindrance (HFsF) for an

odd A even Z nuclide, the equation is'
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T1/2(Az)

HI=SF= [T1/2(A'Iz) x T1/2(A+Iz)]1/2 (Equation 27)

Figure 66. Woods-Saxon Potential Diagram For Protons
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Unfortunately, 259Fmis the heaviest known fermium isotope. Therefore, the

calculation for the HFsF for the 159th neutron is estimated based on a simple

ratio. The half-lives for 258Fmand 259Fmare 0.37 ms and 1.5 seconds,

respectively. For the 159th neutron, HFSF= 4000. Multiplying HFSFby the half-

life of 262Rf (52 ms) gives a SF half-life estimate for 263Rfof 260 seconds. In

summary, it appears that SF will be the dominant decay mode based on the half-

life calculations.

C. Results and Discussion

Seven spontaneous fission events were observed in the rutherfordium

chemical fraction in 300 experiments. Each experiment had a collection time of 3
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minutes. No alpha events in the 7.0 - 7.2 MeV range were observed with the 7

SF events. Alpha events in this region would be from 252Fm, 254Fm, and 255Fm.

From yield checks, the fermium isotopes have a SF/a count ratio of 2/1. The

maximum fermium alpha event rate from the yield check was 7 events per
..

minute. Therefore, the observed SF events are not contamination from fermium

'- and are assigned to rutherfordium based on the chemical separation. The
.300

observed SF events had a half-life of 500 _200 seconds. The detected alpha

events are shown in Figure 67. No alpha events attributable to 263Rf were

detected. This prevented the absolute confirmation of the production of this

isotope (see Section I.B). The production cross section based on the seven SF

events is 140 -+ 50 pb somewhat lower than the estimate of 300 pb (see Section

4.B.1).

Alpha events observed at 7.6 - 7.7 MeV are attributed to 214po. This isotope

is a decay product from the 234U decay chain and is present in the background.

This background interference is near the alpha decay energy of 7.7 MeV

predicted for 263Rf by the MOiler and Nix masses. This increases the difficulty of

observing the alpha decay of 263Rf.

The preliminary results for the search for 263Rf can be used to examine the

mass and half-life calculations. No alpha events were observed in the high

energy region predicted by the Satpathy masses. The alpha-decay energy of 8.1

MeV and half-life of 222 seconds predicted using the Satpathy masses would

have been readily observable. This seems to discount this mass calculation for

use with the heavy elements. The longer half-life predicted by the MSller and Nix

masses is consistent with our results. The experimentally determined half-life is

very close to the SF half-life estimated from the experimentally determined

hindrances [HOF89]. The SF half-life calculated from Lojewski and Baran
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[LOJ88] is off by over an order of magnitude, which is consistent with results for

other known odd A rutherfordium isotopes.

Figure 67. Alpha Spectrum From 263Rf Search
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Calculations can be made on the expected number of alpha decays.

Assuming the half-life of 263Rf iS500 seconds (_.Total = 1.39E-3 sl), the

expected number of alpha events as a function of alpha decay energy can be

determined using the equation

_.Total= _.o_+ XSF (Equation 28)

where Xc_as a function of decay energy is determined from Figure 65. Equation

28 ignores the contribution from EC decay. The alpha half-life is assumed to be
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greater than 500 seconds. For this reason, the highest alpha decay energy to

determine the number of expected alpha decays is 8.0 MeV (tl/2 hind = 673

seconds),

The 7 SF events are assumed to be real and have a XSFcalculated from

Equation 28. The detector efficiency for alpha decay is half that of SF. This must

" be accounted for in the number of expected alpha decays by dividing the number

of observed SF events by 2.

# Expected a Decay = Xo. (7(0.5)) (Equation 29)
XSF

The number of expected alpha ii_,ventsas a function of energy calculated from

Equation 29 is presented in Figure 68, The region of interest for 214po is

excluded from these results.

Using the calculations for the number of expected alpha decays, the

probability for observation of zero alpha events as a function of energy can be

determined. The Poisson distribution can be used to determine the probability for

zero event observation given the expected number shown in Figure 68 [BEV69].

The equation for the probability (P) determination is'

P_ Yze'Y
z! (Equation 30)

where y is 'lhe number of expected events and z is the number of observed

events. With z = O,Equation 30 is simplified to'

P = e-Y (Equation 31)
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The calculations from Equation 31 as a function of energy are presented in

Figure 69. The 214po region is excluded from the figure. These calculations

show that the highest probable decay energy is lower than the 214po region of

interest. However, there is an 80 % - 90 % probability for the alpha decay to be

in the 214Po region with about half an alpha event expected from the 300

experiments. The probability decreases sharply in the energy range above the

214po region. At 7.8 MeV, the probability of not observing an alpha event is

about 50 %.

This calculation supports the use of the MOilerand Nix masses for heavy

element calculations. The probability for the ground state to ground state alpha

decay energy predicted from the M611erand Nix mass is about 80 %. Decay of

263Rfto an excited state increases the probability that no alpha events

attributable to 263Rfwere observed.

Figure 68. Number of Alpha Events Expected
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Figure 69. Probability of Alpha Decay Energy
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In summery, 7 SF events with a half-life of 500 _200 seconds and a

production cross section of 140 + 50 pb were observed in the chemically

separated rutherfordium fraction and are tentatively assigned to 263Rf. No alpha

events attributable to this isotope were observed and might have been masked

by contamination from 214po. Since no alpha decay attributable to 263Rf could

be observed, positive mass identification of the observed 500-second SF activity

cannot be made.
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Chapter 5. Conclusions i

A. Chemical Studies

The liquid-liquid extraction studies proved a useful tool in studying

rutherfordium. In addition, the TI©A extraction experiments verified previous
I,

results on the chemical nature of rutherfordium [HUL80]. The TIOA studies

showed that rutherfordium behaves differently than thorium and europium and -

most similarly to zirconium. This result is further evidence that rutherfordium is a

Group 4 element. The major problem with the previous experiment by Hulet et

al. was that only 6 rutherfordium events were detected in 44 experiments at 100

% chemical yield. This was due to the long separation time for the column

experiments, about 3 minutes. The TIOA extraction experiments showed that

liquid-liquid extraction chemistry can be performed very rapidly. The entire

chemical separation took about 60 seconds. This increased the event rate to 8

rutherfordium alpha events per hour. The liquid-liquid extraction studies with

TIOA are more rapid, and give a higher rate than the previous column experiment

by Hulet et al.

Further liquid-liquid extractions of rutherfordium were done with TBP. These

extractions showed evidence of a difference between rutherfordium chemistry

and the other Group 4 elements for the first time. The results with different

chloride concentrations showed that rutherfordium at times behaves more like

tetravalent plutonium than zirconium or hafnium. At high chloride concentrations,

rutherfordium and plutonium extraction decreased. Under the same conditions,

zirconium, hafnium and thorium extraction increased. With an aqueous phase of

12 M C1-:8M H+, rutherfordium and plutonium extraction was about 20 %, while

zirconium, hafnium, and thorium extraction was greater than 80 %. In addition,

rutherfordium extraction was affected by hydrogen ion concentration, while

zirconium and hafnium extraction was not affected by hydrogen ion
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concentration. These results indicate that rutherfordium forms anionic complexes

more readily than zirconium Or #_,:_._fr_;,um.In this case, rutherfordium is similar to

plutonium. In addition, the extracted complex for rutherfordium differs from that

of zirconium or hafnium. This is dramatically demonstrated by the difference in

the effect of hydrogen ion concentration on metal extraction. These differences,

'- along with the differences between hahnium and its Group 5 homologs, indicate

an unexpected trend in the transactinide elements.

The TTA extraction studies looked at the chemistry of rutherfordium at low

HCI concentrations. This was a departure from the previous liquid-liquid

extraction studies, which used a high HCIconcentration. Using the relationship

between Kd and Keqfor metal extraction, the log Keqfor rutherfordium was

calculated to be 3.18 + 0.90. The results show that the equilibrium constant for

rutherfordium is between that of plutonium and thorium. This result was further

evidence that differences appear between the transactinide elements and their

lighter homologs.

The TTA extraction studies were also used to the estimate the hydrolysis

constants of rutherfordium. The hydrolysisconstant of rutherfordium was

calculated to be greater than the hydrolysis constant of thorium and less than that

of zirconium, hafnium, and plutonium. The first four log Khyd'S for rutherfordium

are calculated to be -2.6 ±0.7,-5.9 + 1.7,-10.2 ± 2.9, and -14.5 + 4.1. These

hydrolysis constants indicates that rutherfordium will not hydrolyze under

conditions which zirconium, hafnium, and plutonium will. This result defines an

acceptable range for rutherfordium chemistry which differs from zirconium and

hafnium chemistry.
,,r

Calculation of the ionic radius can be made utilizing the equilibrium constant

for rutherfordium derived with TTA extractions. The ionic radius of rutherfordium

was calculated to be 91 ± 4 pm for the 6-coordinate species and 102 ± 4 pm for
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the 8-coordinate species. This indicated that the ionic radius was larger than that

of zirconium and hafnium. The ionic radius estimates carl be compared to values

in the literature. The previous estimate for the ionic radius of 6 coordinate

rutherfordium from experimental data was 89 pm [GLE89]. The larger ionic

radius is also calculated by relativistic effects using MCDF calculations. The

relativistic calculations predicted the ionic radius for 6 coordinate rutherfordium to -'

be 80 pm [JOH90]. The increase in the ionic radius for rutherfordium is unusual
5,

for the transition metals. Examination of the first 3 rows of the transition metals

shows some cases of increasing ionic radius down a column. However, the ionic

radius remains quite constant between the second and third rows of the early

transition elements. The non-transition elements exhibit an increase in ionic

radius going down a column, but this is not an adequate comparison for

rutherfordium. The large ionic radius for rutherfordium may point to an increase

in ionic radius due to relativistic effects for the fourth row of transition elements.

The relativistic effects may change the relative stability of the 7s, 6d and 7p

valence electrons, This, irl turn, may alter the expected ionic radius. A recent

review of relativistic effects [PYY88] states that the P2/3, d and f electrons will be

shielded from the high nuclear charge by the contraction of the s and Pl/2

orbitals. The influence of relativistic effects on atomic orbitals should be

contraction and energy stabilization of the s and Pl/2 orbitals and increased radial

extension and energy destabilization of the d and f orbitals, thus increasing the

ionic radius.

B. 263Rf Search

The search for 263Rf used the chemical separation developed from studying

261Rf with TTA. Seven SF events and no alpha events attributed to 263Rf in the

rutherfordium chemical fraction were observed in 300 experiments. The
,_300

observed SF events had a half-life of 500 -,-200seconds. The cross section of the
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seven events was 140 .!:50 pb. The lack observed an alpha branch attributable

to 283Rfprevented the absolute confirmation of tl_emass of the new isotope, but

the chemical separation gives Z confirmation. Alpha events attributed to 214Po,

211rnpo,252Fm,255Fm,210Frand 210Rnwere observed. The isotope 214P0is

the most troublesome, since it is a natural decay product present in the

" background and its alpha decay is in a likely energy region for 263Rfalpha decay.

The preliminary results for the search for 263Rfcan be used to examine the

mass and half-life calculations. No alpha events were observed in the energy or

half-life region predicted by the Satpathy masses. This seems to discount this

mass calculation for use with the heavy elements. The longer half-life predicted

by the MSIlerand Nix masses is supported by these results. The probability

calculations also support the use of the M611erand Nix masses for heavy element

calculations. The experimentally determined half-life is very close to the SF half-

life estimated from tile experimentally determined hindrances [HOF89]. The

calculated SF half-life from Lojewski and Baran [LOJ88] is too long by over an

order of magnitude, which is consistent with the calculations of other known odd

A rutherfordium isotopes.

C. Future Work

The immediate future work on rutherfordium chemistry should focus on the

development of faster"and easier chemical separation systems. Gas phase

chromatography is being explored as a method of rapid chemical separation.

Volatility measurements carl be conducted, along with possible measurements of

the ionic radius in the gas phase. Chemical bonding of rutherfordium to surfaces

. is also being investigated. This method can be used to further study the

hydrolysis and other basic chemical properties of rutherfordium as well as for

rapid separation in searches for new rutherfordium isotopes. Rapid and

automated ion-exchange methods carl be developed 1:ofurther study the aqueous
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chemistry of rutherfordium. The ionic radius can be remeasured using ion-

exchange techniques.

The long term future of rutherfordium and other transactinide element

research resides with the development of methods for production of new and

longer lived isotopes. One method is the development of radioactive nuclear

beams [CAS91]. The use of neutron rich beams may allow the production of "

heavier, and hence more stable, transactinide elements. In the case of

rutherfordium, beams of 19220 can be produced and reacted with a 2480m

target. Isotopes up to 267Rfcan be produced by this method. Unfortunately,

beam intensities are predicted to be rather low. Methods for increasing the beam

flux will need to be developed to make the this method productive.

The use of heavier targets will also aid in the production of heavier

transactinide elements. Californium and einsteinium targets can be produced.

These elements have a higher Z than curium, facilitating the production of

transactinide elements. In addition, 250Cmmay be isolated from nucl_cartest

debris. The use of this target will make the production of heavier isotopes of

rutherfordium and other transactinide elements possible. Since these isotopes

will be longer lived, more chemical studies can be conducted, thereby opening a

new field for transactinium element research.
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