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Metastable Charge-Transfer State of
Californium(lll) Compounds

Guokui Liu,’ " Samantha K. Cary,b Thomas E. Albrecht-
Schmitt”

Among a series of anomalous physical and chemical properties of Cf(lll)
compounds revealed by recent investigations,”” the present work addresses
the characteristics of the optical spectra of An(HDPA)3-H,0 (An = Am, Cm,
and Cf), especially the broadband photoluminescence from Cf(HDPA);-H,0
induced by ligand-to-metal charge transfer (CT). As a result of strong ion-
ligand interactions and the relative ease of reducing Cf(Ill) to Cf(ll), a CT
transition occurs at low energy (< 3 eV) via the formation of a metastable
Cf(ll) state. It is shown that the systematic trend in CT transitions of the
lanthanide series is not paralleled by actinide elements lighter than Cf(lll),
and californium represents a turning point in the periodicity of the actinide
series. Analyses and modeling of the temperature-dependent luminescence
dynamics indicate that the metastable Cf(ll) charge-transfer state undergoes
radiative and non-radiative relaxations. Broadening of the CT transition
arises from strong vibronic coupling and hole-charge interactions in the
valence band. The non-radiative relaxation of the metastable CT state
results from a competition between phonon-relaxation and thermal
tunneling that populates the excited states of Cf(lll).

Introduction

The 5f actinides prior to americium can be stabilized in
multiple oxidation states in both coordination complexes and
materials with extended structures. Beyond plutonium,
oxidation states beyond 3+ are difficult to attain because the
5f orbitals are quite low in energy and are somewhat
contracted. This localizes the valence electrons and renders
them rather unreactive. 3 Hence, the barriers for the
oxidation or reduction of americium, curium, and berkelium
roughly parallel that of lanthanides, and formal oxidation
states other than 3+ are difficult to achieve. However, starting
at californium, and continuing through nobelium, a steady
decrease in the standard reduction potentials occurs that
indicates that the divalent oxidation state is becoming
increasingly thermodynamically stable.* ®> In fact, the most
stable oxidation state of nobelium is 2+. While the unreactive
nature of No(ll) might be attributed to its closed-shell, 5f14
configuration, Yb(Il), which is also (i spontaneously oxidizes
in protic media.®’ Hence, other factors are clearly at play in
late actinides that are not present in lanthanides.

Prior to californium, divalent actinides are highly reactive and
much less stable than their lanthanide counterparts. This is
exemplified by Am(ll), which can be stabilized by doping into
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host lattices such as Can,8 but is in general much more
reactive than Eu(ll), its lanthanide analog, and few Am(ll)
compounds are known to exist.’ Ostensibly there is nothing
special about the 5f10 configuration, and yet Cf(ll) compounds,
such as CfX, (X = Cl, Br 1) can be prepared by stoichiometric
reactions of californium metal with halogens.lo’ ' Ccoexistence
of the 3+ and 2+ oxidation states of californium or other
heavier actinides in same compound has not been reported.
The standard reduction potential for the Cf(l11)/Cf(ll) couple is -
1.6 eV, close to that of the Sm(III)/Sm(ll) couple.12 One expects
that the CT energy of Cf(lll) would depend on the ligand
complexes in a similar way as that of the lanthanides.™ ™ In
complexes where redox reactions are inactive, CT transitions
would enable the measurement of the reduction potentials
and 5f energy levels relative to the valence band. Both of
these would assist in probing bond attributes as well.

For trivalent lanthanides in complexes and compounds, the CT
transition, which converts a lanthanide ion from 3+ to 2+ and
leaves a hole (h') in the valence band, is a common
phenomenon widely observed in optical spectra. In many
inorganic compounds, the charge-transfer energies of sm*",
Eu®, and Yb®>" are typically less than 4 eV, falling into the
visible region. The charge-transfer energy varies between
different lanthanide ions, but the difference is independent of
the type of compound. An empirical model was established to
position the energy levels for each divalent lanthanide relative
to valence and conduction band states.” In the reverse
process of CT, charge-hole recombination releases the CT
energy and relaxation occurs. In the 4f series, radiative CT
luminescence has been observed mostly from Yb-compounds,
whereas in other systems, non-radiative relaxation populates
the low-lying 4f" states. There is another type of CT that
converts 3+ to 2+ ions in compounds such as CaF,. A trivalent
lanthanide ion replacing Ca® is stabilized with charge
compensation. In this case, CT transitions often create a
metastable or long-lived divalent lanthanide ion."

CT transitions are commonly observed in actinyl complexes,
especially in uranyl compounds in which CT absorption in blue
and UV region leads to intense luminescence in the visible
region.lﬁ’ Y The energy of uranyl CT is not strongly dependent
on complexation because it involves predominantly a U(VI)
center and the two terminal oxide anions. Based on molecular
orbital theory, CT in uranyl is described as an electronic
transition between molecular orbitals 3¢ and 5f5,¢.18 Although
the 5f" energy levels of the trivalent actinides have similar
structures as that of the 4f" configurations, little is known
about the systematic behavior of CT of the trivalent actinides.
Liu and Jensen *° found that in the absorption spectrum of
Am(Et,dtc);(bipy), Am(lll) to Am(Il) CT occurs above 22000 cm™
! which is close to the value for Am(IIl) in An(HDPA);-H,0 (DPA
= 2,6-pyridinedicarboxylate) observed in the present work.
Nugent et al. reported the energy of CT transition in CfBr; at
35,700 cm™. However, for Cf(Ill) in Cf(HDPA);3-H,0 studied in
the present work, the ligand-to-Cf(lll) CT energy is reduced to
below 20000 cm™. For comparison, the standard reduction
potential of the Cf**-Cf** couple is -1.6 eV (~ 13000 cm™). *%°
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Results and discussion
a. Spectra of 5f-5f transitions and L-An(lll) CT
transitions
The experimental procedures for synthesis and

characterization of the An(HDPA);-H,O compounds were
described in a previous report by Cary et al.? In the spectra
shown in Fig. 1, two types of bands with quite different
characteristics are apparent. Relatively narrower bands in the
absorption spectra of An(HDPA);-H,0 (An= Am, Cf) are given
arising from the electronic transitions of trivalent actinide ions
within the 5f" configurations, n=6, 9 for Am(lll) and Cf(lIl)
respectively. Similar results were obtained from C]‘BG;OS(OH)S,.1
The energy levels measured from these band centers are
systematically in good agreement with that of the trivalent
actinide ions in other crystalline compounds such as LaCl; in
which the 5f states are localized and with spectroscopic
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Fig. 1. (a) Absorption spectra of Cf(HDPA);-H,O and
Am(HDPA);-H,0. (b) luminescence  spectra of
Cf(HDPA);-H,0 excited at 27400 cm™. The high energy
side of the luminescence spectra was cut off by the
instrument. The sharp peak at 16375 em™ in the
luminescence spectra is from 245
Cf(HDPA);-H,0.  The spectrum  of

248Cm(HDPA)3-HZO is plotted in (b) for comparison. It only

Cm(lll) in the sample of
luminescence

has one sharp peak for the 5f7(6P7/Z-8S7/2) transition
without vibronic broadening.
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properties similar to that of the 4f states.” As elucidated in
Fig.2, the centers of the narrower absorption bands shown in
Fig. 1(a) match the calculated energies of the corresponding
SLJ multiplets. Therefore, this result suggests that the 5f"
states of Am(lll) and Cf(lll) in the DPA compounds have the
properties that follow a general trend of trivalent actinide ions
in complexes and compounds.22 Significantly intense and
broad bands are also apparent in the absorption spectra. In
Am(HDPA);-H,0, the broadband starts from 26000 cm_l, and in
Cf(HDPA)3-H,0, broadband absorption starts from much lower
energy level approximately at 15000 cm™. Based on the
energy levels plotted in Fig. 2, it is obvious that the broadband
absorption in the high energy (short wavelength) region and
emission band from Cf(HDPA);-H,0 cannot be attributed to 5f-
5f transitions. Instead, charge-transfer transition is the origin
of the broadband absorption and emission. In Cf(HDPA);-H,0,
Cf(Ill) is coordinated with six oxygen atoms with bond length
varying from 2.363 A to 2.476 A, whereas the bond length
between Cf(lll) and three nitrogen in the pyridine rings is
longer than 2.5 A. The CT transitions would occur from the 2p
orbitals of both O and N to the Cf-5f orbitals, but more
favorably from O-2p because ligand-to-metal charge transfer is
strongly dependent on the metal-ligand distance. However, in
reality CT is a redistribution of charge density between the
Cf(lll) ion and its surrounding ligands. Unless a sophisticated
quantum calculation is accomplished, currently, we do not
have precise information to determine quantitatively the CT
origins.

As shown in Fig. 1 (b), the photoluminescence observed in
Cf(HDPA);-H,O does not have the characteristics of 5f-5f
transitions but charge-transfer and vibronic transitions. A
similar luminescence spectrum was also observed in
CfB508(OH)5.1 First, the energy levels of Cf(lll) do not permit
the luminescence that stretches from 14000 cm ™ up to 24000
cm™™. It is noticed in Fig. 1(b) that the high energy side of the
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Fig. 2. Partial energy levels of free-ion states of Am>, Cm>* and

Cf*" calculated using energy parameters obtained for An* in
LaCls. For ions in compounds, the circles mark the most likely
emitting states in the visible region.
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luminescence spectra was cut off by the instrument.
Depending on the excitation energy, the actual high-energy
end of the luminescence band can be much higher than 24000
em™. According to energy gap law,”® ** and based on the
energy levels structures shown in Fig. 2, if the luminescence is
from an excited state of Cf(lll), the highest luminescence
energy should be less than 20000 cm™* from the lowest crystal-
field level of J=5/2 multiplet dominated by a free-ion state of
SPs/z. In fact, except for the red luminescence from the J=7/2
state of a minor Cm(Ill) impurity at 16375 cm™, no other 5f-5f
luminescence could be detected from the Am(lll) and Cf(lll)
compounds. For the Am-compound, the excited state 5D1 has a
much larger energy gap separated from the low-lying 5DO and
7F6 states, but no luminescence was observed. It is understood
that non-radiative, phonon relaxation and concentration
quenching prevent radiative relaxation from the excited states
of Am® and cf*". Second, like the Cm3+ luminescence band,
luminescence originating from 5f-5f transitions should have
bandwidth comparable to that of the 5f absorption bands.
With all the experimental information, the observed
broadband luminescence from the Cf compound does not arise
from 5f-5f transitions as previously believed.”

As shown in Fig. 1 (b) and previously reported,z the
Cm(HDPA);-H,0 compound produced a single, sharp
luminescence line at 611 nm (16361 cm’l) as shown in Fig.
1(b), where vibronic coupling is absent. It is plotted for
comparison with the Cf luminescence spectrum shown in the
same figure in which a sharp peak from Cm(lll) exists also in
the spectrum of Cf(HDPA);-H,O as the results of a-decay of
299Cf to ***Cm. Here the orange self-luminescence at 16161 cm’
Lis exactly the same as that found by external excitation of
long-lived 248Cm(III) compounds where the photoluminescence
is clearly 5f in origin.25 Accordingly, the broadband in the
Am(lIl) absorption spectrum (Fig. 1(a)) can also be assigned to
CT transition. This assignment is in agreement with that the CT
energy of the Am compound is higher than that of the Cf
compound. It should be pointed out that such a change in CT
energy contradicts the systematic trend of CT variation in the
af series.” ™ The CT energy of Eu(lll), the analog of Am(lll), is
always lower than that of Dy(lll), the analog of Cf(Ill), and all
others in the 4f series.

Based on the above analysis and previous studies on Cf
oxidation states, the broadband luminescence and absorption
in the Cf-compound are attributed to the ligand-to-metal CT
transitions that reduce Cf(lll) to Cf(ll). As a result of this CT
transition, a photon is emitted when the hole recombines with
Cf(Il) back to Cf(lll) in a radiative relaxation process. In fact, for
heaver actinides, the divalent oxidation state is stable with
respect to oxidation. Divalent actinide compounds such as
CfCl, and EsCl, were successfully synthesized but no such
complexes of divalent heavy lanthanides could be stabilized.
In the previous studies, Cary et al revealed a significant
reduction of ion-ligand bond distances in the trivalent actinide
series. An average Am—0, Cm-0, and Cf-O bond distances, as
well as the An-N distances were found to decrease
approximately 0.05 A from Am(lll) to Cf(III).2 This suggests
increase of covalent effects across the actinide series.”® With
regard to lowering of the energy levels and increasing of 2+
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stability to facilitate CT in the visible region of wavelength,
Cf(lll) might be a second turning point after Am(lll) in the
series. However, if all of these perturbations are simply the
result of the metastability of Cf(ll), then samarium would
display these same properties because its standard reduction
from Sm(Ill) to Sm(ll) occurs at the same potential as that of
californium.”’  However, samarium does not display these
features. In californium, additional factors are clearly at play,
the most important of which are the involvement of 5f, 6d, 7s,
and 7p orbitals in bonding. Because of the covalence which
depends on ligands, the series trend determined by free-ion
properties is not expected to be followed as well as that of the
lanthanides.™

The broadband absorption and luminescence in the
Cf(HDPA);-H,O compound are interpreted as CT transitions
that convert Cf(lll) to Cf(ll) with a hole created in the valence
band of the compound. The bandwidth of CT transition,
absorption and emission, is significantly broader than that of
the 5f-5f transitions. As shown schematically in Fig. 3, we
assume that the ground state energy level of Cf(lll), Eg(Cf3+), is

—~ Eg(sz")
x
1
i
c
K
|
& s
g i
1
A E (CP)
|
E(h*)
A
Valence band

Fig. 3. Energy level schemes of the divalent and trivalent Cf ions
relative to the valence band of the compound. It is assumed that
the ground state of Cf(lll) is above the valence band and charge-
transfer transitions can occur from the top and inside of the
valance band with hole energy E(h*) below the band top.

above the valence band, and the CT transitions can occur from
the top as well as inside the valence band. Energetically, this
assumption explains the broad bandwidth and the shift of the
luminescence spectrum as a function of excitation energy
shown in Fig. 1.

A CT transition creates a hole (h*) in the valence band that can
be several eV’s wide. As a result, the energy of CT transition
depends on the location of the hole inside the valence band.
If CT starts from the top of the valence band, and ends in the
ground state of the divalent actinide ion, CT energy is a
measure of the location of the ground state of the divalent
actinide relative to the top of the valence band. Otherwise, as

4| pCcp, 2015, 00, 1-3

elucidated in Fig. 2, CT energy is larger for transitions initiated
inside the valence band. Therefore, for a f-element ion in
compounds,

E°T (3+)=Ey (2+)+E(h+), "

where Ey{2+) is the energy of the divalent ion above the
valence band with lattice relaxation energy E,. included, and
E(h") is the energy of the hole underneath the valence band.
Eq. (1) explains partially the profile of the CT absorption and
luminescence. Measured at the low energy edges of the
broadband absorption in the spectra of Am(HDPA);-H,0 and
Cf(HDPA);-H,0 shown in Fig. 1, the CT energy is approximately
28000 cm™ (~ 3.5 eV) and 15000 cm™ (~ 1.9 eV), respectively,
for Am(lll) and Cf(lll). Not observed in the present work, the CT
energy for the Cm(lll) compound is expected to be much
higher than that of the Am(lll) compound.

b. Dynamics of CT luminescence

Depending on the dynamics of ion-ligand interactions, there
are several mechanisms that also contribute to the spectrum
broadening. First, after charge transfer, trivalent Cf(lll)
becomes Cf(ll) with a larger ionic radius. A strong lattice
relaxation leads to a large offset in the configuration

CH{l1)5f0+h*

Cf(n)sf

rel-g

(=]
T

Fig. 4. Configuration coordinate, energy potentials, and
relaxation channels of CT vibronic transitions in Cf(lll)
compounds. The CT excitation ends at point A of the Cf(Il)
ground state potential then relaxes to B and C via non-
radiative lattice relaxation and to D via radiative relaxation.
The shift of the Cf(Il) potential along R indicates a CT-induced
bond expansion.

This journal is © The Royal Society of Chemistry 2015
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coordinate diagram as shown in Fig. 4. For lanthanide CT, this
accounts forup to 0.5to 1 eV in CT bandwidth.® Secondly, CT
transitions end in more than one electronic state. In
absorption, the excited CT states involve the crystal-field
splitting of the i multiplets of Cf(ll), and the profile of the CT
emission band depends on the low-energy states of the 5f°
configuration (primarily 6H15/2) and the top states (HOMO) of
the ligand complex. Other contributions to the observed CT
bandwidth may include ion-site distortion and crystalline
defects, which should be small and insignificant in single-site
crystalline compounds.

Based on Franck-Condon principle for vibronic transitions and
assuming that the CT emission spectrum is a superposition of
vibronic transitions involving multiple vibrational modes (v)),
and electronic states (Ek),ls' 2 the expected spectral profile of
the CT vibronic transitions would include multi-phonon
progressions and frequency mixing in terms of Mhv;+ Nhv,. If
the distribution of the lattice vibrational oscillators is of
Gaussian shape, the intensity function of the vibronic
transitions to electronic state k is of the following form.”

[E —(E, +Mhy, + Nhv))J* |/ (2)
2(Ma? + NUJZ)

sv s} 1
fMN(EkvvquJ):;, II > >
M! N-\/ZIZ'(MO'I +No7)

with values of M and N increase from O, 1, 2, ... to high orders
of phonon states. Eq. (2) describes the intensity changes as a
function of M and N. S;and S; are vibronic coupling strength,
known as Huang-Rhys parameter for vibrational mode v; and
v, respectively.

Eq. (2) was used for simulating the CT emission spectrum of
Cf(ll) in comparison with the experimental spectrum of
Cf(HDPA);-H,0. As shown in Fig. 5, the simulated spectrum has

| = Experiment
—— Simulation
c Cf(ll) CT emission
=] /
g Cm(lll) 5f emission
©
-
>
2
0
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L T T T | \I I T T
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Energy (cm”)

Fig. 5. Comparison of CT luminescence of Cf(HDPA);-H,0
recorded at 420 nm (23810 cm'l) excitation with simulated
spectrum. The four vertical lines mark the ZPLs resulting
from the simulation. The 5f-5f emission band from Cm(lll)
in the sample was excluded from the simulation.
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Fig. 6 Comparison of charge transfer energies of An(lll) in
An[HDPA];-H,0 and AnBr; with the standard reduction
potentials (—Eo) of trivalent actinide ions.

the major features in good agreement with the experimental
one. Three vibrational frequencies were resulted from the
simulation. These vibrational frequencies, v;= 590 em™?, Vo=
655 cm™ and V3= 698 cm™ are expected to be the frequencies
of the Cf-ligand stretching modes. Also obtained from the
simulation, the value of $=1.1 is close to that for uranyl CT
transitions, and a large value of ©=180 cm? reflects the
intrinsic width of the Gaussian distribution and the influence of
the low-frequency modes not included in the simulation.”®
The simulation resulted in four electronic energy levels of the
ground state marked in Fig. 5 as zero-phonon-lines (ZPLs). To
be further verified by theoretical calculations of the CT states,
the splitting of the CT ground state up to 3000 cm™ is an
indication of strong ion-ligand covalence.

The standard reduction potential £° for the Cf** and Cf*" ion
couple in is about -1.6 eV (see Fig. 6),* which is lower than that
of the Am** - Am** couple and approximately the same as that
for the Sm>" - Sm”* couple in the 4f-series. %’ For the 4f-series,
CT energies between different ion couples are correlated and
the differences in CT energies for different ion couples are
independent of Iigands.13 There is no sufficient information on
whether such a correlation is preserved or not between the CT
energies for actinides in different complexes and compounds
in which the reduction potential varies significantly. It should
be preserved if the influence of ion-ligand covalence is
insignificant and variation of CT energies depends primarily on
the ligand field. Although the electronic properties are
different from that of their lanthanide analogues, Cf(lIl) and its
neighbors in the heavy actinides series may preserve such a
systematic trend. A previous work by Nugent et al. measured
the CT energy of CfBr; and EsBr3.27 As shown in Fig. 6, the
difference in the CT energies between Cf(lll) and Es(lll) is

PCCP, 2015, 00, 1-3 | 5
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identical as that for the standard reduction potential. In the
present case, a significantly strong crystal-field in An(HDPA);
pushes down the ground state energy level of Am(Il) and Cf(ll)
toward the valence band. The CT energy of Cf(lll) is much
smaller than that in CfBr;. With regard to the systematic tread,
the variation of the CT energy from Am(HDPA);-H,0O to
Cf(HDPA)3-H,O is quite different from that in the standard
reduction potentials. Therefore, the comparison made with
limited information from the two pairs of actinide ions
indicates that the lighter elements before Cf and the heavier
ones from Cf in the actinide series have different properties in
terms of CT and reduction of oxidation states.

In reverse CT, combination of the transferred charge and hole
may lead to both radiative and non-radiative relaxation. The
absence of luminescence from the Am(lll) compound indicates
that the CT state near 28000 cm™ and the most probable
emitting state of 5f° (SDl) near 18000 cm™ are quenched via
non-radiative phonon relaxation. However, in the Cf(lll)
compound, CT luminescence with a lifetime longer than 1 ps
was observed at room temperature and become much
stronger below 150 K, indicating that the Cf(lll) CT state is
much more stable than that of Am(lll) in the same compound.
In fact, this is for the first time that CT luminescence from
divalent actinide ion in a compound is detected. The relaxation
mechanisms and channels are elucidated in Fig. 4. The
temperature dependent photoluminescence indicates the
competition of the radiative and non-radiative relaxation
processes. It is apparent that as shown in Fig. 1 (b) and Fig. 5,
under the excitation with different photon energies of 23810
and 27400 cm_l, respectively, the luminescence spectrum is
invariant in the low energy side but stretches up as a function
of excitation energy in the high energy side. Generally known
as Stocks shift, the luminescence spectrum is a convolution of
vibronic broadening in the Cf(lll) and Cf(ll) electronic states
and variation of the hole energy in the valence band. From the
absorption spectrum and the luminescence spectrum, we can
estimate that the overall bandwidth for the Cf charge-transfer
vibronic transition is broader than 15000 cm™ (~2 eV) with
contribution from hole-energy distribution as well as lattice
relaxation and vibronic coupling.

The decay of CT luminescence is quite non-exponential on the
time scales from 300 ns to 6 us, 2 an indication of variation in
the lifetime of the excited CT state for CT transition initiated in
different levels of the valence band. In other words, the
variation of the luminescence decay time is primarily due to
the different time scales of hole-charge recombination. In the
CT state, multi-phonon relaxation is also an important process
that influences the excited state lifetime and the luminescence
intensity. In phonon-relaxation, the integrated luminescence
intensity as a function of temperature is expected to obey the
energy gap law,

lye (T)= I{l—exp(—:—_l‘fﬂp

, (3)

6 | PCCP, 2015, 00, 1-3

where hv is the energy of the phonons involved in the
relaxation process. A more rigorous approach would account
for an ensemble of phonons with different energies,
symmetries, and population densities, but hv is often
approximated to have a single value. The value of p = AE/hvis
the number of phonons involved in the decay process to
bridge the energy gap AE between the emitting state and the
next lower energy state.

In addition to multi-phonon relaxation, excitation quenching
through tunneling or thermalization from the emitting state
must be taken into account in the form of Arrhenius equation.
In the present case as shown in Fig. 4, relaxation from the
ground state Cf(ll) into the excited states of Cf(lll) across the
configuration potential (point B in Fig. 4) would be the leading
process of luminescence quenching. Taking into account of
both multi-phonon relaxation and tunneling, the intensity of
the CT luminescence as a function of temperature is modified

into 3033
] —83 K
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=] — 233K
g — 263K
5
>
w
=
o
£
(a)
T T
10000 15000 20000 25000
Energy (cm™)
=
=
=
g
™
s
==
=
[}
f =
2
£
0.0 .

T T T T
50 100 150 200 250 300

Temperature (K)

Fig. 7. Temperature dependence of Cf luminescence for
Cf(HDPA);-H,0 recorded at 365 nm excitation. The data
plotted in (b) are peak intensities of the luminescence
spectra, and the curve is a fitting with Eq. (3).
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where E, is the energy barrier that separates between the
potential of Cf(lll) and Cf(ll) and « is a parameter to be
determined in fitting experimental data. Eq. (4) was applied to
fitting the temperature dependence of the peak intensity of
the CT luminescence. The values of the fitting parameters are:
hv = 500 cm ™}, E, =320 cm™, a=7and p = 30. As shown in
Fig.7, the dynamics of the CT luminescence is satisfactorily
described by the theoretical model of multi-phonon relaxation
plus excited-state quench. It confirms that both relaxation
mechanisms contribute competitively to the Cf(ll) — Cf(lll)
relaxation.

Conclusions

Analyses of the optical spectra and luminescence dynamics
confirmed a ligand-to-metal charge-transfer transition of Cf(ll1)
in DPA and borate compounds. Optical excitation in the visible
region is able to reduce Cf(lll) to Cf(ll) in those compounds.
The photoluminescence emitted from the CT state further
indicates that a Cf(ll)-hole pair is metastable and the
subsequent recombination occurs via radiative and non-
radiative relaxation channels. Significant vibronic broadening
in the absorption and emission spectra indicates changes in
both electronic configuration and coordination structure. The
low-lying Cf(ll) states do not completely quench the CT state.
Such a metastable CT state is unusual as far as the f-element
paradigm of electronic properties is concerned. Increasing ion-
ligand interactions are the driving force that push down the
energy level of CT state toward the valence band, thus helping
stabilizing the divalent oxidation state. Largely because of the
stabilization of the divalent oxidation state, a second transition
in the periodicity of the actinide series occurs at Cf(lll) as the
turning point. The systematic trend of CT observed in the
lanthanide series is unlikely followed in the actinide series
lighter than Cf(Ill). Additional factors are clearly at play, the
most important of which is the actinide orbital hybridization
that mixes 5f, 6d, 7s, and 7p orbitals in bonding with oxygen
ligands. Therefore, CT energies including the splittings of the
ground CT state are expected to depend on the degrees of
these orbital mixtures. Further studies are required for
quantitatively determining the orbital
hybridization and ion-ligand covalence.

influence of
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