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Abstract: It is well established that the 
chemistry, physics, and material science of the 
actinides do not reflect perfectly a series of 
elements with a regular increase in the number 
of localized f-electrons (f-orbital 
occupation). This situation results from the 
changing role of the 5f-electrons across the 
series. Therefore, a full understanding of the 
properties of the individual elements 
necessitates an understanding of the series as 
a whole. The changing influence of the f -
electrons is reflected in many of the 
actinide's properties. Systematic comparisons 
of selected high-temperature and high-pressure 
behaviors of actinide materials are discussed 
to demonstrate the variable nature and roles of 
the f-electrons, as well as their 
susceptibility to experimental parameters. 
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Actinides: 5f-Electrons; High-Pressure 
Behavior; Cohesive Energies; Enthalpies of 
Vaporation; Vaporization of Oxides. 

1. INTRODUCTION 

Some fifty-five years ago it appeared that 
the Periodic Table of elements had been 
established fully and consisted of 92 elements. 
Since then some 16 new elements have been 
discovered, which not only completed the 
actinide series but also introduced the 
transactinide series. 

The two f-element series comprise some 28% 
of the known elements in the Periodic Table. 
It is acknowledged that the actinide series is 
the most complex of the two f-series; indeed, 
the actinide metals alone tend to be the most 
complex of any metals in the Periodic Table. 
There is a tendency for scientists to align 
their interests with either the 4f-elements or 
the 5f-elements, rather than with the f-
elements as a whole. The radioactive nature 
and scarcity of many of the members, diminishes 

the incentive to study these elements. Also, 
an interest in actinides is often Halted to a 
few that have applications in nuclear energy 
and/or weapons. However, a full understanding 
of the properties of an individual actinide, or 
its compounds, necessitates the understanding 
of the series as a whole, and perhaps an 
understanding of both f-series of elements. 

In principle, the properties of the two f-
series should reflect a regular increase in the 
number of their f-electrons (f-orbital 
occupancy) when progressing across them. If 
this process was rigidly followed, elements in 
each series would be expected to have similar 
solid state behavior and properties. This 
arrangement is best approached in the 4f-
series, although differences still prevail 
between these elements. In the actinide 
series, the 5f-electrons of the earlier members 
are involved in bonding at room temperature and 
pressure (itinerant 5f-electtons) and this 
gives rise to the unique bonding and the 
complex crystal structures that are well 
established for thea. The transplutonium 
members of the series tend to be more like the 
4f-series, although there are interesting 
differences result from the greater spatial 
extension of the 5f-electrons as compared to 
the 4f-electrons. 

Just as the different nature of the divalent 
lanthanide metals, Eu and Yb, in the lanthanide 
series should not be overlooked but used to 
gain an overall understanding of this series, 
the behavior of all the 5f-elenents should also 
be considered to gain a "big-picture" of the 
series with regard to f-electron systematics. 

Comparisons of the high-temperature and/or 
high-pressure behaviors of actinide materials 
demonstrate the variable nature of the 5f-
electrons, and their susceptibility to 
experimental parameters. Two significant 
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facets of the high-pressure behavior of the 
actinide metals are the resistance of the 
earlier members to structural change, and the 
inducement of 5f-electron itinerancy in the 
transplutonium. members. The high-temperature 
vaporization behaviors of actinide metals also 
demonstrate clearly significant changes in 
metallic valence across the series, which 
arises from this variable nature of the 5f-
electrons. The changing role of the 5f-
electrons is also observed in actinide 
compounds: for example, in the vaporization of 
oxides. 

Systematic comparisons of chemical and 
physical properties of the actinides are 
discussed here to emphasize the changing 
influence of the 5f-electrons across the 
series, and how experimental parameters may 
affect the role of the 5f-eleccrons in the 
actinides. 

2. General Behavior and Properties 

The actinide metals have widely varying 
physico-chemical properties coapared to most 
other groups of netals In the Periodic Table. 
This arises in part due to the diffuse nature 
and extended wavefunctions of the delocalized 
5f electrons of early members, and the 
increasing magnitude of the promotion energies 
for the 5f electrons of higher members of the 
series. These factors and their ramifications 
on actinide properties have been discussed 
elsewhere [1-3]. 

It is often informative to compare the 
lanthanides and actinides in terms of their 
electronic configuration and the role played by 
f-electrons. A simple but informative 
comparison can be made by assigning metallic 
valencies based on the number of bonding 
electrons, and examining these assignments in 
terms of position in the series and the 
expected electronic configuration. Using this 
process the actinide metals can be placed in 
three categories based on their metallic 
valency; that is, divalent; trivalent; or 
greater than trivalent. These three actinide 
groupings are shown in Fig. 1, where they are 
compared to a similar classifiction for the 4f-
series of elements. The actinides which 
display itinerant "5f-electrons at normal 
temperature and pressure (Pa-Pu) plus Th (which 
does not have an f-electron) are placed in the 
greater-than-three valency group. In the 
second group are the normally trivalent netals 
Ac, Am-Cf, Lr. The third class of actinides, 
first encountered at Es and extending through 
No, are listed as divalent metals (like Eu and 
Yb in the lanthanide series). 
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Fig. 1: Metallic Valence of the f-Elements. 

This categorization of the actinides* 
metallic valences is based on selected bulk 
properties (e.g., enthalpies of vaporization, 
atonic volume/radii, bulk moduli, magnetic 
properties, structures, etc.). Experimental 
data are not available for No and Lr and their 
assignments are predicted. Assignments for Fm 
and Hd are based solely on their enthalpies of 
vaporization. 

Even though the transplutonium elements tend 
to be more lanthanide-like (e.g., localized f-
electrons) at normal temperature and pressure, 
a significant difference between the two series 
is observed with the divalency of the Es-No 
members. The reason for the divalency of these 
elements is not obvious from their relative 
positions in the two series; except for Ho, 
where a 5f" state provides a comparable 
situation to that for Yb. The divalency of Es, 
Fm. and Hd is attributed to the large promotion 
energy needed to provide the third conduction 
(bonding) electron, which is not offset by the 
additional crystal energy that Is gained. 
Their divalency is a matter of energetics. 

Thus, in addition to the first pivotal 
position at Pu (the last actinide having 
f-bonding at normal conditions), there is a 
second pivotal change In the series at Es 
(which presumably extends through No) with the 
introduction of divalent metals. Host of the 
above mentioned solid state properties and 
these two pivotal positions in the series 
reflect a changing role of the 5f electrons; 
from being itinerant to localized; and from the 
change in their promotion energies [1]. 

3. Structural and Other Consideration! 

The trends observed with crystal structures 
and atomic volumes of the accinides strongly 
reflect this changing role of the 5f electrons 
(and the metallic valency) across the series. 
Excluding the special cases of Ac and Th 
(absence of f-electrons; d-electron bonded 
metal), the Pa-Pu metals are characterized by 
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Fig. 1: Metallic Valence of the f.El副院nts.
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properties (e.g・・ entbalpies of vaporizatlon. 
ato.ic volUl畦lradii.bulk moduli. .agnetic 
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complex, low-symmetry structures, smaller 
atonic volunes and radii, and low or zero 
paranagnetic moments. These properties are 
consistent with itinerant f-electrons and high 
aetallic valencies. In contrast, the 
transplutoniua aetals are characterized by 
crystal structures of higher symmetry, and have 
atonic volunes, radii, and magnetic moments 
similar to those of the localized 4f-electron 
lanthanide aetals of comparable metallic 
valencies. However, the atomic volumes of the 
actinide netals still remain smaller than those 
lanthanides. Considering only the localized f-
electron, transplutonium metals, of which Cm 
has the largest atomic volume, only the volumes 
of Tm and Lu of the lanthanides come close to 
being as small as that of Cm. This 
relationship would not be expected for the 
actinide netals which have larger atomic 
numbers but presumably the same metallic 
valence. 

Energetically unfavorable interactions 
between the 5f -electrons in the Pa-Pu metals is 
credited for stabilizing their liquid state 
over their solid state. This situation appears 
to be maximized in the cases of Np and Pu 
metals, which have abnormally low melting 
points, and phenonenal phase behavior 
(especially for Pu: five phase transitions 
over sone 615"C). Based on metallic radii, Pu 
can be assigned a aetallic valence from six to 
three over this narrow temperature range. In 
some regards (e.g., enthalpies of vaporization) 
both Np and Pu metals appear to become more 
lanthanide-llke as they approach their melting 
points but even in the liquid state are 
considered f-bonded (high viscosity, lower 
vapor pressures as coapared to transplutonium 
metals). 

The decrease in the Belting points of the 
actinide metals after Cm, which contrasts with 
the rise in melting points observed with the 
lanthanides (except for divalent Yb), has been 
attributed to the increased tendency toward 
divalency (less stable trivalent state) in 
these actinide members. The higher melting 
point of Cm is a result of its half-filled 5f-
electron orbital, so that it behaves as a more 
stable, d-electron bonded netal (in both the 
solid and vapor states, Cat is a trivalent 
netal with a f'ds2 configuration). 

The high-symmetry of the crystal structures 
of the transplutonium metals through Es (the 
last actinide for which a structure has been 
determined) is in accord with the existence of 
localized f-electrons. The first four 
transplutonium metals exhibit a dhcp structure 
[4,5] which is isostructural with the 
structures of the lighter lanthanides rather 
than the hep structures observed in the second 
half of the lanthanide series. The divalent 

metal. Es, exhibits • fee structure [4,6] as 
docs divalent Yb metal. The divalent metals. 
Fm, ltd, and 80, for which structural data do 
not exist, may also crystallize in such an fee 
structure. 

It is apparent that the actinides. Pa-Pu, 
which have itinerant f-electrons form mora 
complex structures than do the transplutonium 
elements, which have localized f-electrons. It 
is important to note that the four trivalent 
transplutonium metals. Am-Cf, exhibit 
isoscructural alpha phases (which are also 
isostructural with several of the lanthanides), 
while the alpha forms of Pa-Pu elements, even 
neighboring members, are not isostructural. 

The high-temperature phases of the Th-Pu 
metals tend to form more symmetrical structures 
with temperature (cubic); the transplutonium 
metals, Am-Cf, also have high temperature cubic 
structure but it is fee (at least initially) 
rather than bcc. as exhibited by their 
lanthanide counterparts. There is evidence 
from dilatometry [7] and differential thermal 
analyses that Am [8] and Cm (9} do form a third 
bcc (gamma) phase just prior to melting but X-
ray confirmations have not been acquired for 
these bcc structures. Summaries of the lattice 
parameters and structure types for the 
actinides [4] and for the transplutonium metals 
[5] are available. 

Values for the lattice parameters of the 
beta (fee) forms of the transplutonium metals 
acquired by quenching from high pressures [9]. 
have resolved apparent discrepancies that 
appeared to exist between the atomic volumes of 
the alpha and bete forms. Previous parameters 
acquired from thermal quenched samples of the 
high temperature beta phase of Cm, Bit. and Cf 
were too large; the pressure-quenched 
parameters now give excellent agreement between 
the alpha and beta forms. Subsequent data on 
the beta forms of Cm [9] and Cf [10] obtained 
recently from thermal treatments have confirmed 
these smaller parameters. 

An interesting aspect of the changing role 
of the f-electrons across the actinide series 
is that it often varies with the particular 
material being considered. The elements 
themselves are the most affected and the more 
ionic materials seem to be the least affected. 
This can be illustrated comparing the 
structural properties of the metal, 
monopnictides, and oxides. With the metals, as 
discussed above, the atomic volumes of the 
actinides are essentially all smaller than 
those of the lanthanides; the most significant 
differences occur with the lighter (Pa-Pu) 
actinides. With the monopnictides (e.g., 
nitrides, bismuthides; mainly isostructural 
NaCl type structures), the lattice parameters 
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lanthanides (except for divalent Yb)， has been 
attributed to the increased tendency toward 
divalency (less stable trivalent state) in 
chese accinide raerabers. Tbe higher raelting 
polnt of Cm 1s a result of its half-fil1ed 5f-
electron orbital. sO that it behaves as a more 
stable. d-electron bonded raetal (in both the 
8011d and vapor 5tates， Co is a trivalent 
met:a1 with a f7ds' confi息日‘<::10n).

The high-5y田 etryof the cry5tal structures 
of the transplutoni岨 raeta1sthrough Es (由e
la8t actinide for which a structure h&a been 
deter圃1ned)is 1n accord with the exist:ence of 
localized f-electrons. The f1rst four 
transplutonlura皿etalsexhibit a dhcp st:ructure 
[4，5] wh1ch 18 isostructural with the 
structures of the lighter 1anthanides rather 
than the hcp structures observed in出 esecond 
half of the lanchanide series. The divalent 
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of the early actinide members are smaller than 
those of the lanthanides (probably due to 
"additional" bonding) but those of the 
transplutonium compounds are nearly identical 
or slightly larger than with the parameters for 
their lanthanide homologs. With the 
sequioxides, the relationship between the 
lattice parameters is more consistent, but the 
parameters for the actinides sesquioxides are 
all slightly larger than those for their 
lanthanide electronic homologs. The important 
point is that systematic comparisons of such 
properties show the changing role in bonding in 
the actinide series as a function of the 
material as well as position in the series. 

The use of alloys for determining the 
enthalpies of vaporization of Es and Fm, and 
the tracer chromatographic studies of Hd, were 
necessary due to the scarcities, half - lives, 
and radiation/self-heating of available 
isotopes, which precluded the use of the pure 
elements. An important facet of alloy 
experiments is that the equilibrium pressures 
are measured over an alloy and it is necessary 
to ascertain that the material acted as an 
ideal alloy, or to know its activity in the 
alloy. 

Comparisons/assessments of actinide 
enthalpies of vaporization can be accomplished 
by sinply establishing a grid network which 

This changing role of the f-electrons should employs the enthalpies of vaporization of the 
also be important in the alloying behavior of 
these elements. It would be expected that the 
itinerant f-electron metals would be more 
compatible in alloying with other f-bonded 
metals, as compared to localized f-electron 
metals. Localized f-electron metals should 
alloy better with other localized f-electron 
metals of the same metallic valence. 
Alloying should be more probable when the 
solute and solvent have the same metallic 
valencies, bonding, and structures types. 
Divalent metals would not be expected to have a 
significant solubility in the trivalent metals. 
An interesting case arises with Fu metal, as it 
has available several almost equivalent 
electronic levels; for example, the population 
of different levels is affected by temperature. 
Thus, Pu metal may be able to "adapt" to 
alloying with other metals better than the 
other f-bonded actinide metals. 

4. Vaporization of the Actinidfis 

One of the important bulk properties of an 
element is its enthalpy of vaporization, which 
can be a measure of its cohesive energy. The 
magnitude of a metal's enthalpy can be used to 
assign a metallic valence; that is, the number 
of electrons that are involved in its 
conduction band. This valence is useful for 
systematic comparisons between the elements and 
also reflects the changing nature of the 
f-electrons across the actinide series. 

One of the most common methods to determine 
a metal's enthalpy of vaporization is to 
measure the equilibrium partial pressure of its 
atomic vapor as a function of temperature. 
These partial pressures are determined often by 
Knudsen effusion, and this technique has been 
used for many of the pure actinide metals 
through Cf [11], and for alloys of Es [12] and 
Fm [ 13 ]. An enthalpy of vaporization has been 
estimated for Hd [14] based absorption data 
using tracer quantities of the element [15]. 

lanthanides, Ba, and Hf as reference values 
[13]. Grid lines drawn at about 45, 100. and 
140 kcal*mor' (18B, 418 and 586 kJ*mol"') form 
regions of divalent, trivalent, and greater-
than-trivalent, metallic valencies. By 
plotting the enthalpies for the actinide metals 
such a grid, it is possible to assign a 
grouping of metallic valences (see Fig. 2). 

N» Py Am Cm 

a ftn 3m Eu Qd Tb Dy Ho Er Tin Vb Lw 
ELEMENT 

Fig. 2. Enthalpy of Vaporization of the 
f-Elements. 

For the early members of the actinide series 
(neglecting Ac for which an experimental value 
is not available) such an analysis suggests 
metallic valencies of greater than three 
(enthalpies greater than the trivalent 
lanthanides), in accord with the greater 
bonding afforded by the itinerant f-electrons. 
The enthalpies for these early members then 
establishes one grouping for the actinides (Th-
Pu). The inclusion of Pu in this group must 
also be based on other factors, (its high 
viscosity in molten form, high boiling point, 
etc.). The magnitude of its enthalpy of 
vaporization could suggest a trivalent metal in 
its liquid state (from which it vaporizes); its 
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metallic radius calculated from the lattice 
parameter of its epsilon phase (stable from 
490°C to melting) suggests a metallic valence 
of about five. This is another example of the 
very unusual nature of this actinide. 

The second grouping of actinides based on 
enthalpies of vaporization consists of the Am-
Cf (and presumably Lr) members of the series. 
Except for Cm, these actinides all have 
significantly lower enthalpies of vaporization 
than their trivalent lanthanide counterparts 
but higher than those of the divalent 
lanthanide metals. Thus, they would be classed 
as trivalent metals. The enthalpy of Cm metal 
is very close to that of Gd; both are trivalent 
metals with comparable electronic 
configurations (e.g., f'ds2) in both the solid 
and vapor states. After Cm, the decrease in 
the enthalpies of vaporization reflects the 
increasing tendency of the metals toward 
divalency (decreased stability of the trivalent 
state). 

The third grouping of actinide metals based 
on enthalpies of vaporization consists of the 
Es-No metals, although direct experimental data 
are available only for Es and Fm and indirectly 
for Md. The first divalent metal in the 
actinide series is Es (based on both atomic 
volume [6J and its enthalpy [12]); it is 
followed by divalent Fm [13) and Hd [14,15]. 
The enthalpies of Es, Fm, and Md are all 
smaller than those of divalent Eu and Yb 
metals. Estimates for the enthalpy of 
vaporization of No [16] suggest it should have 
a enthalpy comparable to that of Es, while the 
enthalpy of Lr would be expected to be higher 
and closer to those of La or Lu. 

It is important to remember that these 
trends observed in enthalpies of vaporization 
reflect more than just the bulk property of the 
metals; the enthalpies are also partly an 
atomic property and its magnitude involves the 
electronic nature of the free atom as well as 
the bulk metal. However, useful correlations 
and information can still be obtained by 
comparing enthalpies; for example, the 
divalency of Fm and Md metals has been assigned 
solely on the basis of their experimental 
enthalpies of vaporization. Thus, the 
enthalpies of vaporization are also useful for 
reflecting the changing nature of the f-
electrons across the series. 

5. High Pressure Behavior of Actinides 

The principal effect of pressure on the 
actinide metals is to decrease the separations 
between the atoms and between their orbitals; 
the opposite effect that is obtained by raising 
the temperature. Given the pressures and 
temperatures available in the laboratory, a far 

greater magnitude of change can be acquired 
with pressure. Many materials can be reduced 
from one third Co one half of their original 
volumes by pressures attainable in the 
laboratory, which can bring about interesting 
changes in bonding and structure. 

Given that the early members of the 
actinides already have itinerant f-electrons 
and complex bonding at room pressure, it is not 
surprising that these "rigid* strructures may be 
the least affected by applying pressure; or 
that very high pressures would be needed to 
force changes. From studies with diamond anvil 
cells that have been published to date [17,18] 
this is basically the behavior that has been 
observed with the Pa-Pu elements under 
pressure. Very recently, a new study of Th 
[19] up to 300 GPa of pressure has shown that 
it undergoes a phase change at 100 GPa from its 
fee structure to a tetragonal structure (which 
nay be similar to, or the same as, the 
structure of Pa). The implication of this 
structural change is that the 5f band of Th, 
which is normally above the Feral level, has 
now become involved in the metal's bonding 
under pressure. 

In contrast to the behavior of the lighter 
actinides, the first four transplutonium 
elements exhibit 2 to 3 structural changes, and 
ultimately adopt the alpha-uranium structure 
under pressure. The formation of the latter 
structure has been interpreted as signifying 
that partial f-electron derealization has 
occurred in these metals, and the 5f-electrons 
are now partially involved in the metallic 
bonding. That is, an experimental parameter, 
pressure, has affected their f-electrons so as 
to force them to become itinerant f-electrons. 

The structural sequence observed with the 
transplutonium metals with increasing pressure 
is: dhep-fec-distorted fee (trigonal)-
orthorhombic. Both An and Cf form this 
distorted fee phase while Bk and Cm metal do 
not. Data do not exist for the pressure 
behavior of actinides above Cf (see Fig. 3). 
This pressure sequence is qualitatively 
the same as observed with the lanthanides (hep-
Sm type rhombohedral-dhcp-fcc-distorted fec-low 
symmetry structure), although the initial 
structure may be different. The significant 
point is that the lanthanides may also have 
their f-electrons forced into bonding by 
pressure, and then exhibit structures known 
for, or that are similar to, those for the f-
bonded actinides. Thus, under pressure; Ce 
[20] and Sm [21] eventually form b.c. 
tetragonal structures (like Pa, or Th at high 
pressure) ; Pr forms the alpha uranium structure 
[22]; and Nd forms a low-symmetry, monoclinic 
structure [23]. 

27 

metallic radius calculated from the lattice 
par担 eterof its epsilon phase (stable from 
ゐ90・Cto melting) suggests a metallic valence 
of about five. This is another example of the 
very unusual nature of this actinide. 

The second grouping of actinides based on 

greater magnitude of change can be ac中止red
with p~essure. Kany materlals can be reduced 
from one third tO one half of their original 
volu陣 sby pressures attainable 1n the 
laboratory， which can brlng about interesting 
changes in bOllding and structure ‘ 

enthalpies of vaporization consists of the Am- Given that the early aembers of the 
Cf (and presu皿ablyLr) members of the series. actinides already have itinerant f-electrons 
Except for Cm， these actinides all have and c。薗plexbonding at roo・pressure，it is not 
significantly lower enthalpies of vaporization surprising tbat tl開 se-rlgid-structures aay be 
than their trivalent lanthanide counterparts the least affected by applyinri pressure; or 
but higher than those of the divalent that very bigh pressures‘iould be needed to 
lanthanide metals. Thus， they would be classed force cbanges. From s白且dieswith diaaond anvil 
as trivalent metals. 百1eenthalpy of Cm metal cells tbat bave been published to date {17，18J 
is very close to that of Gd; both are trivalent 世1isis basical1y tl睡 behaviorthat has been 
metals with comparable electron1c observed with tl碍 Pa・puel""，ents under 
configurations (e.g.， f'ds') in both the solid pressure. Very r'.cently， a new stuuy of Th 
and vapor states. After Cm， the decrease in [19J up to 300 GPa of pressure has shown that 
the enthalpies of vaporizacion reflects the it undergoes a phase change at 100 GPa from its 
increasing tendency of the metals toward fcc structure to a tetragonal structure (which 
divalency (decreased stability of the trivalent aay be similar to， or tl1e sa・eas， the 
stace). structure of Pa). The implicat:ion of this 

structural change is出 at出 eSf band of Th， 
τhe chird grouping of actin1de mecals based which is noraal1y above the Fermi level， has 

on enthalpies of vaporization consists of the now become involved in the metal's bonding 
Es-No mecals， although direct experi皿entaldata under pressure. 
are available only for Es and Fm and indirectly 
for Md. The first divalent mecal 1n the 
actinide series is Es (based on both acomic 
vol岨 e [6J and its enchalpy [12)); it is 
followed by divalent FI皿 [13)and Md [14，15). 
The enthalpies of Es， Fm， and Md are al1 
smal1er than those of divalent Eu and yb 

metals. Escimaces for the entha1py of 
vaporization of No [16) suggest it should have 
a enthalpy comparable co that of Es， while the 
enthalpy of Lr would be expected to be higher 
and closer co those of La or Lu. 

It is important to re田emberthat these 
trends observed in enthalpies of vaporization 
reflect more than just the bulk propercy of the 
metals; the entha1pies are also partly an 
atomic property and its血agnitudeinvolves the 
electronic nature of the free atom as well as 
the hulk metal. However， useful correlations 
and information can stil1 be obtained by 
comparing enthalpies; for example， the 
divalency of Fm and Md metals has been assigned 
solely on the basis of their experimental 
enthalpies of vaporization. Thus， the 
enthalpies of vaporization are also useful for 
reflecting the changing nature of the f-
electrons acr05S the series. 

5. 81gh Pressure Behavior of Actinides 

The principal effect of pressure on the 
actinide metals is to decrease the separations 
between the atoms and between their orbitals; 
the opposite effecc that is obtained by raising 
the temperature. Given the pressures and 
temperatures available in the laboratory， a far 

1n contrast 旬 thebehavior of tl1e lighter 
actinides， the first four transpluton1um 
elemencs exhibit 2 to 3 structural changes， and 
ultimately adopt the alpha-uraniu皿 structure
under pressure. The formation of the latter 
structure has been interpreted as signifying 
that partial f-electron delocal1zatlon ha5 
。ccurred1n these metals， and吐1eSf-electrons 
are n。官 partiallyinvol事ed1n the metal1ic 
bonding. That 1s， an experimental para且.eter.
pre5sure， has affected their f-electrons 50 as 
to force the皿 tobecome itinerant f-electrons. 

τhe structural sequence observed with the 
transplutonium metals ぜithincreasing pressure 
1s: dhcp-fcc-distorted fcc (trigonal)-
orthorhombic. Both A皿 andCf fom凶li5
distorted fcc phase while Bk and c3 aetal d。
not. Data do not exist for the pressure 
behavior of actinides above Cf (see Fig. 3). 
τhis pressure sequence is qualitatlvely 
the same as observed with the 1anthanides (hcp-
Sm rype rhombohedral・dhcp-fcc-distortedfcc-low 
symmetry structure)， although the initial 
structure may be different. The slgniflcant 
point is that the lanthanides may also have 
their f-electrons forced into bonding by 
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Fig. 3: Pressure Phase Diagram of the 
Actinldes 

The bulk modulus of a metal can be extracted 
from its pressure behavior (e.g. , from the 
relative atomic volume as a function of 
pressure). This modulus indicates the 
resistance of the metal to compression and 
reflects the rigidity/strength of the metallic 
bond. It can be used for group classification 
of metals. The greater the number of bonding 
electrons, the smaller the compressibility, the 
greater the rigidity, and the larger the 
modulus. The moduli are larger for the Th-Pu 
actinides than for the transplutonium metals, 
which are comparable to those for the trivalent 
lanthanide metals. Much smaller moduli are 
found with divalent Eu and Yb. 

Thus, the changing role of the f-electrons 
in the acttnide series is reflected in 
structural behaviors under pressure and in the 
magnitudes of bulk moduli. The susceptibility 
of these f-electrons to an external parameter, 
pressure, further emphasizes Che dependence of 
the chemistry and physics of the actinides on 
the behavior cf their 5f-electrons. 

6, High-Temperature Behavior of Oxides 

Actinide oxides display a variety of 
oxidation states with the highest binary 
stoichiometry in the series being achieved with 
U0 3. The variation in oxidation states for the 
actinide oxides results from the close 
proximity of the 7s, 6d, and 5f electrons. The 
largest number of electrons used for bonding in 
the oxides are incurred with the Pa-Pu group, 
as found with their metals. After Np, the 
highest binary oxide that forms is the dioxide; 
if Ac is excluded, Pu becomes the first 
actinide to exhibit a sesquioxide (see Fig. A ) . 
The highest oxidation state displayed by an 
actinide is frequently not observed in its 
binary oxides. 

D O/W -- 1.50 
Fig. U: Oxides of the f-Series Elements. 

One aspect of the thermodynamics of actinide 
oxides is their high-temperature 
vaporization/decomposition behaviors. Most 
work in this area has been on the Th-Pu oxide 
systems. Only limited studies le oi the transplutoniua 
sesquioxioes have been reported. For these light 
actinides, the dioxides are most frequently 
studied. For the transplutonium elements, it 
is their sesquioxides that are of interest, as 
higher oxides of these elements decompose at 
temperatures substantially lower than where 
vaporization would take place (Bk may be an 
exception). 

For dioxides sufficiently stable to study 
their vaporization/decomposition processes 
(e.g., Th-Pu), their vaporization generates 
gaseous metal atoms, monoxides, and sometimes 
dioxides (e.g., UO,). In considering the 
vaporization/decomposition behavior of the 
transplutoniua sesquioxides, it is informative 
to examine the behavior of the lanthanide 
sesquioxides. 

For the lanthanide sesquioxides, there 
appears to be two major vaporization/ 
decomposition reactions. These are: 

[1] LnA m 

[2] LifeO, „ 

2 LnO u + 0 B 

2 1 % + 3 0ffl 

The LnO species is the major product when the 
monoxide has a high dissociation energy; Ln 
vapor forms when this energy is low. Thus, 
whether a lanthanide or actinide sesquioxide 
will vaporize/decompose to eventually generate 
atomic vapor or a monoxide will depend on the 
relative stability of these two species, which 
depends on the magnitude of the monoxide's 
dissociation energy. It has been shown that 
the dissociation energies of the LnO species 
vary irregularity across the lanthanide series 
(24). 
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Fig. 4: Oxides of the f-Series Elements. 

One aspect of the thermodynamics of actinide 
The bulk 皿odulusof a 皿etalcan be extracted oxides is their high-temperat.墨田

from its pressure behavior (e.g.， from the vaporization/decomposition behaviors. Kost 
relative atomic volt皿 eas a function of work in this area has been on the τh-!'u oxide 
pressure). This modulus indicates the systems. Only li皿itedstudies 1e 01 the transplutoniWII 
resistance of the oetal to C畑 pressionand sesqui。社団shave been reported. For these light 
reflects the rigidit乎jstrengthof the metallic actinides， the dioxides are oost frequently 
bond. It can be used for ~roup classification studied. For the transplutoniuo elements， it 
of metals. The greater the nu.ber of bonding is their sesquioxides that are of interest， as 
electrons， the smaller the compressibility， the higher oxides of these elements deco・poseat 
greater the rigidity， and the larger the temperatures substantial1y lower叫祖nwhere 
modulus. The moduli are larger for the Th-Pu vaporization would take place (Bk oay be an 
actinides than for the transplutonium metals， exception). 
which are comparable to those for the trivalent 
lanthanide皿etals. Kuch smaller moduli are 
found with divalent Eu and Yb. 

百lUS，the changing role of the f-electrons 
in the actinide series 1s reflected 1n 
structural behaviors under pressure and in the 
magnitudes of bulk moduli. The susceptibility 
。fthese ιelectrons to an e~te口祖1 paramet:er. 
pressure， further e田phaslzesζhedependence of 
the chemistry and physics of the actinides on 
the behavi，r cf thelr 5f-electrons. 

6. Hlgh-Temper・tur・Behavlorof Oxides 

For dioxides sufficiently stable to study 
their vaporization/decomposition processes 
(e.g.， Th-Pu)， their vaporization generates 
gaseous皿etalato皿s，monoxides， and someti回es
dioxides (e.g.， UO.). In considering the 
vaporization/decomposition behavior of the 
transplutoniu皿 sesquioxides，it is informative 
to examine the behavior of the lanthanide 
sesquioxides. 

For the lanthanide sesquioxides， there 
appears to be two major vaporizationl 
decomposition reactions.τhese are: 

Actinide oxides display a varie旬。f [1] Ln，，03刷-----2 LnO幽+0回

。xidationstates with the highest binary 
stoichiometry in the series being achieved with [2J uli叫耐・ー・・ 2Ln，.， + 3 0嗣

UO.・Thevariation in oxidation states for the 
actinide oxides results fr。皿 theclose 百leLnO species is the major product when the 
proximity of the 7s， 6d， and 5f electrons. The monoxide has a high dlssociation energy; Ln 
largest number of electrons used for bonding in vapor forms when this energy is low. Thus， 
the oxides are incurred with the Pa-Pu group， whe'ther a lanthanide or actinide sesquioxide 
as found with their皿etals. After Np， the will vaporize/decompose to eventual1y generate 
highest binary oxide that forms is the dioxide; atomic vapor or a皿onoxidewill depend on the 
if Ac is excluded， PU becomes the first relative stability of these two species， which 
actinide to目 (hibita sesquioxide (see Fig. 4). depends on the皿agnitudeof the monoxide's 
The highest oxidatlon state displayed by an dissociation energy. It has oeen shown that 
actinide is frequently not observed in its the dissocia乞ionenergies of the LnO species 
binary oxides. vary irregularity across the lanthanide series 

[24]. 
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There has been only a limited number of 
studies of the vaporization/decomposition of 
transplutonium sesqutoxides. For Puj03, the 
vaporization/decomposition process has been 
reported to proceed mainly via the generation 
of PuO [25,26] . Even with PuQg. the major 
species is PuO with very small amounts of Pu02 

also being vaporized. Even less information is 
available for the A m ^ system [26], although 
additional unpublished data also exist on it 
[10,27]. The process for this oxide is mainly 
by generation of atomic Am vapor and oxygen. 
With Cn̂ t},, the actual vapor species have not 
been established directly by mass spectrometry 
but inferred from correlations of the data 
[28], Vaporization/decomposition is believed 
to proceed via generation of CmO and oxygen 
vapors. We have recently initiated studies of 
some of the higher transplutonium sesquioxides. 
With Cf?03 [29], one observes atomic Cf vapor 
and oxygen as the products; preliminary work 
with Es203 [10] suggests its behavior is similar 
to that of Cf203. It is expected that for the 
sesquioxides of higher actinides (e.g., Fra-No) 
that their vaporization will also generate 
atomic actiniae vapor while Lr203 would be 
expected to generate LrO^. 

Which volatile product is observed for the 
vaporization/decomposition process of the 
sesquioxides can be linked to the changing role 
of the 5f-electrons; not merely to oxidation 
states, but to the 5f-electrons in the 
elements. The magnitude of the dissociation 
energy for the monoxides, which determines 
whether atomic or monoxide species are the 
major product, reflects inversely the magnitude 
of the promotion energies for the fs z to f^'ds2 

transitions in the elements. 

Thus, the greater the promotion energy, the 
smaller the dissociation energy of the 
monoxide, and the greater will be the 
likelihood that the sesquioxide will 
vaporize/decompose to yield atomic vapor. 
Thus, although one might expect that Et^O, and 
"^>z03 (which are known to have divalent 
oxidation states) might readily form monoxides 
upon vaporization, instead they form Eu and Yb 
atomic vapor. The monoxides of these two 
elements have the lowest dissociation energies 
and the highest promotion energies in the 
lanthanide series. The behavior of the 
transplutonium sesquioxides also seem to fit 
this scheme. In Fig. 5 the monoxide 
dissociation energies for the lanthanide [24] 
and the lighter actinide [26] oxides are 
plotted as a function of their positions in 
each series. The extrapolated line for the 
higher transplutonium elements is in accord 
with the recent experimental observations for 
Cf203 and Es2O3[10]. 
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7. Concluding Statements 

From the above discussion, it is clear that 
a great deal of the solid state chemistry, 
physics, and material science of the actinides 
is dependent on the changing role of the 5f-
electrons across the series. Indeed, the 
actinides do not reflect perfectly a series of 
elements that regularly increases the f-orbital 
occupation across the series. As a result of 
this changing role of the 5f-electrons, which 
can be sensitive to experimental parameters, 
complex and rapidly changing behaviors are 
often observed. Thus, the 5f electrons may be 
considered as "pseudo-active" electrons. Host 
importantly, a full appreciation and 
understanding of the behaviors of individual 
actinides necessitates an understanding of the 
series as a whole. 
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7. Concluding Statements 

Fro田 theabove discussion， it is clear that 
a great deal of the solid state che皿istry，
physics， and皿aterialscience of the actinides 
is-dependent on the changing role of the 5f-
electrons across the series. Indeed， the 
actinides do not reflect perfectly a series of 
elements that regularly increases the f-orbical 
occupation across the series. As a result of 
this changing role of the 5f-electrons， which 
can be sensitive to experlmental parameters， 
complex and rapidly changing behaviors are 
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i回portantly，a full appreciation and 
understanding of the behaviors of individual 
actinides necessitates an understanding of the 
series as a whole. 

ACKNO冒LEDGEKENT

Research sponsored by the D1vision of 
Chemical Sciences， Office of Basic Energy 
Sciences， U. S. Departlllent of Energy under 
contract DE-AC05-840R21400 with Martin Harietta 
Energy Systems， Inc. 

29 



REFERENCES 

[1] Brooks, H.S.S.. Johansson, B., Skriver, 
H. L.: Handbook on the Physics and Chemistry of 
the Actinides, Vol. I. Freeman, A. J. and 
Lander, G. H. (eds), North-Holland, New York, 
1984, p. 153, and references therein. 

[2] Fournier, J. H. and Manes, L.: Structure 
and Bonding 59/60, Actinides-Chemistry and 
Physical Properties, Manes, L. (ed), Springer-
Berlag, New York, 1985, pp. 1-57; and 
references therein. 

[3) Manes, L. and Benedict, U.: Structure and 
Bonding 59/60, Actinides-Chemistry and Physical 
Properties, Manes, L. (ed), Springer-Berlag. 
New York, 1985, pp. 75-127; and references 
therein. 

[13} Haire, R. G. and Gibson, J. K.: J. Chen. 
Phys. 91, 7035 (1989); and references therein. 

[14] Haire, R. G. and Gibson, J. K: J. 
Radioanalytical and Nuclear Chemistry, 143, 35 
(1990). 

[15] Hubener. S, and Zvara. I.: Radiochin. 
Acta 21. 89 (1982). 

[16J Morss, L. R.: The Chemistry of the 
Actinide Elements, Katz, J., Seaborg, G. T., 
and Morss, L. (eds). Chapman and Hall, New 
York, 1986, pp. 1280. 

[17] Benedict, U.: Handbook on the Physics and 
Chemistry of the Actinides, Freeman, A. J. and 
Lander, G. H. (eds). Elsevier, New York, 1987, 
pp. 227-266. 

[4) Nevitt, M. V. and Brodsky, M. B.: The [18] McMahan: J. Less-Common Metals, 149, 1 
Metallic State in the Chemistry of the Actinide (1989). 
Elements, Vol. 2, Katz, J. J.. Seaborg, G. T.. 
and Morss, L. R. (eds), Chapman and Hall, New [19] Vohra, Y. K. and Akella, J.: Phys. Rev. 
York, 1986, pp. 1388-1417. Lett. 67(25), 3563 (1991). 

[5] Haire, R. G.: Properties of the 
Transplutonium Actinide Metals (Am-Fa), ASM 
Metals Handbook, Vol. 2, 10th Edition, ASM 
International, 1990, pp. ligS-^lOl. 

[6] Haire, R. G. and Baybarz, R. D.: J. de 
Physique, C^4, 101 (1979). 

[7] Oetting, F. L. , Rand, M. H.. and 
Ackermann, R. J.: The chemical Thermodynamics 
of Actinide Elements and Compounds, Part 1: The 
Actinide Elements (International Atomic Energy 
Agency, Vienna, 1876). 

[8] Gibson, J. K. and Haire, R. G. 
Mater, (submitted 1992). 

Nucl. 

[9] Seleznev, A. G., Radchenko, V. M., 
Shushakov, V. D. , Ryabinin, M. A., Droznik, 
R. R. , Lebedeva, L. S., and Vasilyev, A. Ya. 
J. Radioanal. Nucl. Chem., Articles, 143(1). 
253-259 (1990). 

[10] Haire, 
Laboratory, 

R. G.: Oak Ridge National 
unpublished results. 

[11] Ward, J. W., Kleinschmidt, P. D.. Haire, 
R. G. , Brown, D. : Lanthanide and Actinide 
Spectroscopy, ACS Symposium Series, 131 
Edelstein, N. (ed.) American Chemical Society, 
Washington, D.C., 1980, pp. 199-220: and 
reference therein. 

[20] Statin Olsen, J.. Gerward, L., Benedict, 
U.. and Itie, J. P.: Physica 133B. 129 (1985). 

[21] Vohra, Y., Akella, J., weir, S. and 
Smith, G. S.: Physica Lett. A1S8. 89 (1991). 

[22] Smith, G. S. and Akella, J.: J. Appl. 
Phys. .53. 9212 (1982). 

[23] Grosshaus, W. A.: Thesis, University of 
Paderborn, Paderbora, Germany, 1987; and 
references therein. 

[24] Chandrasekharaiah, M. S. and Gingerich, 
K. A. : Handbook on the Chemistry and Physics of 
the Rare Earths, Vol. 12, Gschneidner, F. A., 
Jr. and Eyring, L. (eds), Elsevier, New York, 
1989, pp. 409-430. 

[25] Mulford, R.N.R. and Lamar, L. E. : 
Plutonium 1960, Grison, E., Lord, W.B.H., and 
Fowler, R. D. (eds), Cleaver-Hume Press, 
London, 1961, pp. 411-429. 

[26] Ackermann, R. J. 
M. S.: IAEA-SM-190/44, 

and Chandrasekharaiah, 
Vienna, pp. 3-26. 

[27] Kleinschmidt, P. D. : Los Alamos National 
Laboratory, private communications. 

(28] Smith, P. K. and Peterson, D. E.: J. 
Chem. Phys. 52, 4963 (1970). 

[12] Kleinschmidt, P. D. , Ward, J. U. , Matlock, 
G. M., and Haire, R. G.: J. Chem. Phys. 81, 473 
(1984). 

[29] Haire, R. G. and Gibson, J. K.: Proceed
ings of 50th Anniversary of the Discovery of 
Transuranium Elements, ACS Symposium, 
Washington, D.C., August 1990, American 
Chemical Society, Washington, D. C. (in press). 

30 

REFERE目CES

[1] Brooks. H.S.S.， Johansson， B.， Skriver， 

11)] Haire. R. G. and Glbson， J. K.: J.αleJl.~ 

Phys.旦1，7035 (1989); and references therein. 

H. L.ー Handbookon the Physics and Chemistry of [14) Haire， R. G. 四 dGibson， J. K: J. 
the Actinides， Vol. 1. Freeman， A. J. and Radioanalytical and Nuclearα1e・istry.よ生1. 35 
Lander， G. H. (eds). North-Hol1and. New York， (1990). 
1984， p. 153， and references therein. 

[15) Hubener， S. and Zvara， 1.: Radiochim. 
[2] Fournier， J. H. and Hanes， L.: Structure Acta 11， 89 (1982). 
and Bonding 59/60， Actinides・α睡田istryand 
Physical Properties， Kanes， L. (ed)， Springer. [16} Horss， L. R.:百四 Che皿ist:ryof t:he 
Ber1ag， New York， 1985， pp. 1・57;and Act:inide Elements， Katz. J.， Seaborg， G. T‘-
references therein. and Horss， L. (eds)， Chapman and Hal1， New 

York， 1986， pp. 1280. 
[3) Hanes， L. and Benedict:， U.: Structure and 
Bonding 59/60， Act:inides-Chemistry and Physica1 (17) Benedict， U.: H剖 1dbook00 tl担 Physicsand 
Properties， Hanes， L. (ed】， Springer.Berlag， Chemistry of the Actinides， Freeman， A. J. 田 1d
New York， 1985， pp. 75-127; and references Lander， G. H. (eds) ， E1sevier. New York， 1987， 
therein， pp. 227・266.

[ゐ Nevitt，M. V. and Brodsky， H. B.:官官 [18) HcMahan: J. Less・c。皿onHetals，並!l， 1 
Heta11ic State in the Chemistry of t.he Actinide (1989). 
Element:s， Vol. 2， Kat:z， J. J.， Seaborg， G. T.， 
and Horss， L. R. (eds) ， Chapman and Ha11， New [19J Vohra， Y. IC. and Akel1a， J.: Phys. Rev. 
York， 1986， pp. 1388-1417. Lett.亘2(25)，3563 (1991). 

[5] Haire， R. G.: Prcperties of the [20) Stann 01sen， J.， Gerward， L.， Benedict， 
Transplutonium Actinide Metals (A皿.~)， ASM U.. and Itie， J. P.: Physica 111昼， 129 (1985). 
Heta1s Handbook. Vol. 2， 10th Edition， ASH 
International， 1990， pp. 1198-~101. [21] Vohra， Y.， Ake11a， J.， Veir. S. and 

Smith， G. 5.: Physica Letε.!¥l三星， 89 (1991). 
[6] Haire. R. G. and Baybarz， R. D.: J. de 
Phys ique， ，Cニ主， 101 (1979). [22] 5皿ith，G. S. and Akel1a， J.: J. App1. 

Phys. 53， 9212 (1982)ー

[7] Oetting， F. L.， Rand， M. H.， and 
Ackermann， R. J.: The chemica1 Thermodynamics [23J Grosshaus， V. A.: Thesis， University of 
of Actinide Elements and Compounds， Part 1: The Paderborn， Paderborn， Germany， 1987; and 
Actinide E1e田ents(International Atomic Energy references出 ereln.
Agency， Vienna， 1876). 

[8J Gibson， J. K. and Haire， R. G.: J. Nuc1. 
Mate~ (submitted 1992). 

[9J Se1eznev， A. G.， Radchenko. V. M.， 
Shushakov， V. D.， Ryabinin， M. A.， Droznik， 
R. R.， Lebedeva， L. S.， and Vasi1yev， A. Ya.: 
J. Radioana1. Nuc1. Che田.， Articles， 主主主(1).
253・259(1990)ー

[10] Haire， R. G.: Oak Ridge National 
Laboratory， unpub1ished resu1ts. 

[11] Ward， J.日.， Kleinschmidt， P‘ D.， Haire， 
R. G.， Brown， D.: Lanthanide and Act:inide 
Spectroscopy， ACS Symposium Series， 131 
Edelstein， N. (ed.) American Chemica1 Society， 
Washington， D.C.， 1980， pp. 199・220:and 
reference therein. 

[24) Chandrasekharaiah， M. S. and Gingerich， 
K. A.: Handbook on t:he Che皿istryand Physics of 
the Rare Earths， Vo1. 12， Gschneidner， F. A.， 
Jr. and Eyring， L. (eds) ， E1sevier， New York， 
1989， pp. 409・430.

[25] Hulford， R.N.R. and Lamar， L. E.: 
P1utoniu皿1960，Grison， E.， Lord， W.B.H.， and 
Fowler， R. D. (eds) ， Cleaver-Hu皿ePress， 
London， 1961， pp. 411-429. 

[26] Ackermann， R. J. and α1andrasekharaiah， 
M. 5.: IAEA-5M-190/44， Vienna， pp. 3・26.

[27] Kleinsch皿idt，P. D.: Los Ala皿osNational 
Laboratory， private comm山、ications.

128] 5with， p， K. and Peterson， D. E.: J. 
Chem. Phys. 主主， 4963 (1970). 

[12] Kleinsch皿idt，P. D.， Ward， J ‘ V.， Matlock， [29] Haire， R. G. and Gibson， J. K.: Prc;ceed-
G. M.， and Haire， R. G.・J. Chem. Phys.呈1，473 ings of 50th Anniversary of the Dlscovery of 
(1984). Transuranlu皿 E1ements，AC5 Sy田posium，

Washington， D.C.， August 1990， A且erican
Chemica1 50巴iety，Washington， D. C. (1n press). 

30 


