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The systematic behavior of the charge-transfer (CT) energies in mix€eebigy2idyl (bipy), N,N-
diethyldithiocarbamate (Edtc™) complexes of the trivalent lanthanides, Lnfdt)(bipy), is investigated to
understand the electronic structure of f-element complexes containing soft donor ligands. The energies of
ligand to Li#t CT are extremely low in this system, an effect attributed to the presence of the soft donor
ligands. The lowest CT energy level for the SmEW", and Y8+ complexes falls into the visible range. In
Eu(Etdtc)(bipy), the E&' ion becomes nonluminescent because the CT energy stretches below the metastable
5Dy electronic state, whereas luminescence from the CT state and'#&«Af state are observed in the Yb
compound. The variation in the energy of the lowest level CT transition for the entire digkEipy)

series has been evaluated using the experimentally determined CT levels of theBsfm, and Y3+
compounds based on the systematic behavior of the lanthanides, which is invariant with respect to the type
of ligand. The energy difference between the ground electronic states of the lanthanide ions and the ligand-
centered valence band may also be calculated from these results.

I. Introduction the divalent lanthanide ions relative to the top of the valence
" . .
The location of lanthanide energy levels relative to the valence 22nd= As such, CT measurements provide an effective method

band and conduction band in inorganic materials is often critical /O detérmining the locations of the 4f energy levels of
to the material’s properties for applications. For example, dipole- lanthanide ions relative to the valence and conduction bands of
allowed f-d transition luminescence of €e provides an host complexes.
efficient scintillation in phosphors; however, thed transitions Lanthanide CT has been studied extensively, particularly in
of EL2* are only efficient for scintillation when autoionization Ew™-doped compounds. A systematic change in CT energy with
of the excited 5d electrons into the conduction band is type of lanthanide was revealed previously in several systems.
eliminated! Charge-transfer (CT) measurements are useful tools Jargensen first investigated the CT energies for bromide
for characterizing and understanding the electronic properties complexes of trivalent Sm, Eu, Tm, and Yb in ethahBlarnes
of lanthanide containing materials because the energy requiredand Pincott and also Blasse and Brifound that the CT band
for ligand-to-metal CT in compounds containing trivalent of St in solids always appears 1410.1 eV higher than that
lanthanides is a measure of the location of the ground state ofof E3+. More recently, lanthanide CT energies were investi-
) ) gated by Krupa and co-workérsand van Piterson et &P
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Ligand-to-metal CT transitions in lanthanide compounds
usually occur in the UV region, higher than 4 eV, or 32 000
cm~1.2 In some compounds that contain so-called soft donor
ligands, such as CaSor ((CeHs)sPH)Lnlg't the CT energy
level falls below 4 eV for ST, EL?T, and Y5+, the most easily
reduced LA" ions. Because of this, the energies and dynamics
of the ligand-to-metal CT reactions provide an opportunity to
examine the electronic structures of lanthanide complexes with
ligands containing donor atoms that are softer than oxygen. For
example, lonova et al. have used the CT energies &f Eu
solution-phase complexes containing both hard oxygen donor
and soft sulfur donor ligands to probe the origins of chemical
selectivity in complexes being considered for the chemical
separation of trivalent lanthanide and actinide i&hs.

We are interested in identifying the specific electronic
differences between the 4f, lanthanide (Ln), and 5f, actinide
(An), elements in h0m0|09°u_3 $°ﬂ dono_r cqmpo_unds. Although Figure 1. Molecular structure of Yb(Etitcy(bipy). Thermal ellipsoids
the Lr#* and Ar?* have very similar chemistries with hard donor  are shown at the 50% probability level.
ligands, which prefer ionic bonding over covalent bonding, their
chemistries differ for ligands containing donor atoms softer than hydrated lanthanide perchlorate, diethylammonium diethyldithio-
oxygen (i.e., soft donor ligand&j. This effect is generally ~ carbamate (98%, Aldrich), and 2:8ipyridine (99+%, Aldrich)
attributed to a modest enhancement of covalence in the An in acetonitrile according to the procedure of Su etatligh-
ligand bonds as compared to the lanthanides, which producesduality, air-stable, single crystals with typical dimensions of
thermodynamically more stable Arsoft donor complexe$:16 0.1-0.5 mm on a side precipitated from the solutions over the
But none of the proposed electronic origins of the suspected course of hours to days. Because of the intense absorption bands
enhanced covalence in actiniésoft donor ligand bonds have  Of Eu(Etdtc)(bipy), crystals of Gd(Ettc)(bipy) doped with
been experimentally verified. The mixed-ligand coordination 1% Eu also were prepared and studied.
compounds of the lanthanides Lnggit)(bipy) with the formula Single-Crystal X-ray Diffraction. A single crystal of
LnCasH3eNsSs (Etdtc™ = N,N-diethyldithiocarbamate; bipsy: Yb(Etdtc)(bipy) was mounted on a glass fiber, cooled-00
2,2-bipyridyl), containing two different types of actinide- °C with a Bruker KRYO-FLEX, and optically aligned on a
selective soft donor ligands provide a platform for directly and Bruker APEX Il charge-coupled device X-ray diffractometer
systematically comparing the electronic and structural properties Using a digital camera. Intensity data were measured using
of trivalent lanthanides and actinides in equivalent complexes. 9raphite monochromated ModKradiation from a sealed tube
The Snd*+, EW*, and YIB* complexes are expected to have CT and monocapillary collimator. APEX Il software (v 1.0-22,
energies similar to the iodide- or sulfur-containing materials Bruker AXS) was used for preliminary determination of the
mentioned above, since the centraPtrion is coordinated to cell constants and data collection control. The intensities of
eight soft donor atoms, the six sulfurs from thregdEt- ligands, reflections of a sphere were collected by a combination of four
and two nitrogens from the bipy ligand. We have recently Sets of exposures. Each set had a diffegeamgle for the crystal,
reported the crystal-field energy level structure and excited- and each exposure covered a range of @3w. A total of
state dynamics of Sm(gttc)(bipy), which support the char- 2400 frames were collected with an exposure time of 30 s.

acterization of these ligands as soft donors in this sy3fefo. The determination of integral intensities and global refine-
our knowledge, no studies of CT transitions in this system have ment were performed using SAINT (v 7.09, Bruker AXS)
been reported. with a narrow-frame integration algorithm. A semiempirical

In this paper, we report the systematic behavior of the CT absorption — correction was subsequently applied using

energies in the lanthanide complexes La@&t)(bipy). The CT SADABS?® SHELXTL (v 6.14) was used for space group
energies of LA are extremely low in this system. The lowest determination (XPREP), direct methods structure solution (XS),

CT energy level for SAT, Ew*, and YB falls into visible and least-squares refinement (X4)The crystal was assigned
range. This is particularly noteworthy as the3E4f6) ion in to the monoclinic space group?i/c, based on Laue class and
Eu(Etdtc)s(bipy) becomes nonluminescent because the CT systematic absences. The structure was solved via direct methods
energy stretches below the metastaBl® state, whereas and refined by full-matrix least squares dff. The final

the CT energy of its actinide homologue, AN5f6) in refinements included anisotropic displacement parameters for
Am(Etdtck(bipy), is much higher and luminescence from#m &l non-hydrogen atoms. Hydrogen atoms were placed at
is observed. We evaluated the variation of the lowest energy |d§allzgd positions and refined using a riding model constraint
CT transition across the entire Lnggtck(bipy) series using  With displacement parameters set at 1. 0f the attached

the experimentally determined CT energies. These results weretarbon atom (1.5 k4 for CHz groups). The crystallographic
used to locate the ground-state energy levels of thi¢ lamd ~ details and selected bond lengths and angles for Yo(E&-
Ln2* ions relative to the top of the valence (ligand) band of the (PiPY) are given in Tables 1 and 2, respectively. Atomic
complex, based on the systematic behavior of lanthanides, whichcoordinates and equivalent isotropic displacement parameters

is invariant with respect to the type of compounds or the degree &€ included as Supporting Information. o
of covalent character in the bon#s. Spectroscopic MeasurementsTo obtain the emission and

excitation spectra of the i ions, a pulsed Nt —YAG laser

at 355 nm was used directly or to pump a tunable dye laser.

The samples were mounted in an Oxford cryostat with temper-
Materials. Single crystals of Ln(Edtc)(bipy) (Figure 1, Ln ature control from 2 to 295 K. The fluorescence emission was

= Sm, Eu, Yb) were synthesized from a 1:3:1 mixture of dispersed by a monochromator (SPEX 1704) at a spectral

Il. Experimental Section
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TABLE 1: Crystallographic Data for Yb(Et .dtc)s(bipy)

compound
formula mass
cryst size (mm)
space group

Yb(Edtck(bipy)
774.01

0.30%k 0.064x 0.062
P2,/c (no. 14)
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ration coordinate diagrams in Figure 2 is based on the
experimental results to be discussed below.

An important characteristic of CT transitions in ¥n
compounds is that the systematic variation in CT energies
between different lanthanides is independent of the type of

"6‘% %'giggl()?) complexes. This means that, if the CT energy is determined by

c(A 17.231(1) calculations or actual measurements for at least orfe lom,

B 96.324(1) one can predict the CT energies for all 3tnions with

V (A3) 3134.6(4) configurations from 4fto 413 with reasonable accuraéylhis

Z 4 property holds true in the present work for the Lt );(bipy)

T(°C) —100 series with Ln= Sm, Eu, and Yb.

A (A 0.71073 B H . .

max 2 (°) 67.40 ecause the L CT energy is approximately equal to the

obsd datd > 20(1) 9700 energy gap between the ground-state level ¢fland the top

pealc (g cm3) 1.640 of the valence band of the complex, the fixed difference between

#(Mo Ka) (cm™) 34.07 the energy of CT to a trivalent lanthanide ion and that of another

ESZI):?L Fo* > 20(Fo?)* 00259 ion can be exploited to locate the ground state of both the
0 .

divalent and trivalent lanthanide ions. Since’Ebas the lowest

CT energy of the LA™ ions, occurring in the near UV or even

in the visible range in the case of Euféfic);(bipy), one may
use the measured CT energy for3Euo determine the CT
energy for all other L#" ions, which is the energy of the Eh
ground state relative to the top of the valence band. Therefore,

AR(F) = Y|IFol — IFdI/Z|Fol. °Ru(Fo?) = [Y[W(F? — Fe2)?/
ZWFO4 1/2.

TABLE 2: Selected Bond Lengths (Angstroms) and Angles
(Degrees) for Yb(Etdtc)s(bipy)

zgg;:mgg %ig?gg ggggggg i;ig% the ground-state energy level of aatf"*1) ion relative to
Yb(1)-S(1) 2..7663(5) S(3)C(40) 1:726(2) the valence band of a compldx Ey(nt+1, 2+, L), can be
Yb(1)-S(2) 2.7712(5) S(4)C(40) 1.706(2)  obtained from

Yb(1)—S(3) 2.8366(5) S(5)C(50) 1.715(2)

Yb(1)—S(4) 2.7699(5) S(6)C(50) 1.718(2) E(n+1,2+,L) = E4(7,2+,L) + AE,(n+1,7,2+) (1)

Yb(1)—S(5) 2.8408(5) N(3)C(30) 1.334(2) Vi Vi Ve

é?é)llg?é?) fﬁgéff ) ﬂ((;‘;\ggggg 12228 whereEy(7,2+,L) is the energy difference between the?Eu

ground state and the valence band of complex and
2((131588)):2% ﬂ;g% AEy(n+1,7,2+) is the ligand-independent energy difference
S(5)C(50)-S(6) 118:0(1) between E&" and a divalent lanthanide ion with a"4f
Yb(1}N(1)-C(5) 119.6(1) configuration.
Yb(1)N(2)—C(6) 120.8(1) BecauseEy; of a divalent 411 ion is approximately equal
N(LyC(5)-C(6) 117.2(2) to the CT energy of the trivalent ion in%€onfiguration, eq 1
N(ZyC(6)-C(5) 116.2(2) may also be expressed as

N(1) —=Yb(1)-N(2)  64.97(6)
S(1)-Yb(1)-S(2)  64.13(1)
S(3)-Yb(1)-S(4)  62.99(2)
S(5)-Yb(1)-S(6)  63.79(2)
N(1)-Yb(1)-S(3)  82.30(4)
N(2)-Yb(1)-S(4) 150.68(4)
S(1-Yb(1)-S(5)  79.40(1)
S(2)-Yb(1)-S(6) 151.37(2)

Ey(n+1,2+,L) ~ ES(n,3+,L) = E°'(6,3+,L) +
AET(n,6,3+) (2)

resolution of approximately 0.008 nm and detected with a cooled
RCA C31034 photomultiplier. The signals were recorded using
a gated boxcar (Stanford Research Systems, model SR250). The

fluorescence decay measurements were performed using a digitalvhere E€T(n,3+,L) is the lowest CT energy of a trivalent
storage oscilloscope (Tektronix TDS 680C). The emission lanthanide ion (in a 4f configuration) in complexL and
spectra have been calibrated based on the various grating and\E®"(n,6,3+) is the difference in the CT energy betweer?Eu
PMT efficiencies at different wavelengths. To measure the and another trivalent lanthanide ion in & 4bnfiguration.
absorption spectra, single crystals (about-18 wt %) were

ground and pressed into a pellet with KBr powder. The pellet 1V. Results and Discussion

was mounted in the cryostat e_md YVis—IR absorption spectra A. Crystal and Molecular Structure of Yb(Et »dtc)s(bipy).
of samples were collected with a computer-controlled Cary-14 The importance of the lanthanietigand distance in determin-

spectrophotometer (OLIS, Inc.). ing the electronic properties of these lanthanide complexes was
demonstrated in our prior analysis of the crystal field levels of
Sm(Etdtc)s(bipy).l” To ensure that the coordination environ-
CT from the ligand-centered valence band to a trivalent ments of the Ln(Edtc)s(bipy) complexes are uniform across
lanthanide occurs when a photon is absorbed, causing both arthe lanthanide series and that any differences in the lanthanide
electronic transition and lattice relaxation. Before a CT transi- ligand distances are caused solely by the differences in cation
tion, the initial electronic state of the complex has thé'Lion radii, we determined the crystal structure of Yh(Ect);(bipy)
in its ground state 2fconfiguration and the ligand populating by X-ray diffraction. The crystal structures of the corresponding
any of the valence band states. After absorption of a photon, Sm and Eu compounds at room temperature have already been
the system transits into an excited CT state where the centralreportec??23 as have the structures of Pr{ec)(bipy)?* and
lanthanide ion is in a divalent, %!, configuration and a hole  Er(Etdtc)(bipy).1°
(L™) is left in the surrounding ligands. The configuration Bright-yellow Yb(Etdtck(bipy) (Figure 1) is isostructural
coordinate diagrams shown in Figure 2 illustrate the electronic with the four Ln(Egdtc)s(bipy) compounds with known crystal
transitions and lattice relaxation involved in CT absorption and structures. The crystal is composed of discrete YiutE)s(bipy)
luminescence emission for three lanthanide ions3(SiEWT, molecules containing octacoordinate Yb atoms. As observed in
and YB') in Ln(Etdtc)(bipy) crystals. Each of the configu-  the analogous lanthanide compounds, each metal ion is coor-

Ill. Theoretical Basis of CT
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CT:
Sm2*(4ff)+L*

4fSexcited states

CT:

4f5excited states

4f'%excited state

Sm3*(4f5,°H,,,) Yb3*(4f132F,, )

A

(a) (b) (c)

Figure 2. Configuration coordinate diagram illustrating the electronic transition and lattice relaxation involved in CT absorption in trivalent &nthanid
ions in Ln(Etdtc)(bipy) crystals. The thicker parabolic curves corresponds to the ground-state energi€s antliLr#+, respectively, while the
thinner curves represent the excited states 6f lians.

dinated to six sulfur atoms from three bidentatgdit™ ligands 4
and two nitrogen atoms from a bidentate bipyridyl ligand. The . ----T=295K L~v-~d
Yb—S distances range between 2.725 and 2.841 A with an 7 ——T=4K !
average distance of 2.785 A. The average-¥bdistance is ]
2.513 A. The average ¥bS and Yb-N distances are shorter
than those of the analogous compounds of the lighter lanthanides
but are exactly those expected from the lanthanide contraction,
suggesting little difference in the covalent contribution to the
Ln-ligand bonds across the lanthanide set¥e¥’ The S-Yb—S
and N-Yb—N angles within each coordinated ligand also are, |
necessarily, slightly larger than those observed in the compounds i
of the lighter lanthanides. The bond lengths and bond angles ;
within each ligand are consistent from lanthanide to lanthanide, .
and are unremarkable. ]
The packing of the Ln(kttc)(bipy) molecules within the 18000 20000 22000 24000 26000 28000 30000
crystal consistently places the lanthanides in a low-symmetry,
distorted dodecahedral coordination environment. Each of the _ ] i
bidentate Etltc™ ligands adopts a conformation with one shorter Figure 3. Absorption spectra of Sm(Etck(bipy) at 295 and 4 K.
and one longer LaS distance. This places the lanthanides,
including Yb, in a site of formallyC; symmetry with respect  the 4f4f lines that overlap with the CT band above 23 000
to the ligands’ S and N donor atoms. The low symmetry is cm™! are significantly different from the 4f4f lines in the
reinforced by a small twist in the Eitc™ ligand trans to the lower-energy region. Apparently, as shown in Figure 3, the 4f
bipy. Ignoring this minor distortion, the local symmetry at the lines with energies higher than 23 000 ciywhich overlap the
metal center can be approximated@s though we have had  CT bands, are much stronger than those in the lower-energy
success in modeling the spectrum of SradEt)s(bipy) with region. The relative intensities of the high-energy—4f

Absorption (arb. unit)
1

Wavenumber (cm'1)

even higher approximations of the local site symméfry. transitions are quite inconsistent with those calculated using the
B. Absorption Spectra of CT and 4#—4f Transitions. The Judd-Ofelt theory. Moreover, the positions of the-44f lines
absorption spectrum of Sthin the Sm(Eidtc)s(bipy)-KBr in the higher-energy region do not match the predicted values

pellet was recorded at room temperature and liquid helium obtained from crystal-field modeling based on a single charge
temperature. Figure 3 shows the YVis absorption from the ion—ligand interaction modéll We believe that the discrep-
4f5 8Hs, ground state. A broad and intense peak appears with ancies in both the intensity and energy level position of the
its low-energy shoulder at 26 000 cf which is due to the high-energy 4f4f lines result from coupling to CT states. A
ligand—Sn¥* CT absorption. The weaker and much narrower strong coupling between the 4f electrons and ligand electrons
peaks are identified and attributed to transitions to thexdited are excluded in both crystal-field theory and Judfelt theory.
states of Si#". These ff absorption transitions are nominally The influence of CT states on the spectrum and excited-state
spin forbidden but are actually weakly allowed as intermediate- dynamics of E&" in Eu(Etdtc)(bipy) is even stronger than
coupling admixtures into both tifels;, and the terminal quartet's  that of the Sri* system. Absorption spectra of Eugéic)(bipy)
wave functions via spirorbit interactions. A detailed analysis  at 295 and 77 K are shown in Figure 4. The low-energy shoulder
of the crystal-field energy levels of the *4$tates has been of the CT band stretches below 17 000 @mThus the 4f4f
reported'’ It was shown that the spectroscopic properties of transitions from the Eif “F, ground state to théDg ;2 3and
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state, while the sharp lines centered at 10 000 crare
fluorescence transitions from tREs, state of Y§*. The three

/ spectra in Figure 5 are not on the same scale. In fact, théf4f
emission lines are at least 2 orders of magnitude stronger than
the direct CT luminescence, which indicates that population of
the excited 4f states is more efficient than the radiative
relaxation back to the Y& ground state.

In general, both the 4f states of lanthanides and the 5f states
of actinides in compounds are localized electronic states and
their coupling to ligand states is primarily ionic. Nevertheless,
there are chemical differences in the complexes of"Land
An3* cations with ligands containing soft donor atoms, which
are generally attributed to a modestly larger covalent component
in the An—ligand bonds as compared to the lanthanite¥®
To compare iorligand coupling in lanthanide compounds to
that in actinide compounds, we also synthesized ApiE)-
(bipy) and probed the electronic energy levels of &mwhich
has a 5f configuration electronic structure similar to thé &f
Eut. Itis surprising that fluorescence from Amwas observed
with laser excitation at room temperature, and that the CT
transition occurs at 22 750 crh which is far above the
] metastablD; emitting state of the Sfion and much higher
than the CT energy of Ell. These results indicate that An
ions are likely more redox stable than3tnin this complex,

- because of the larger energy gap between the ligand-centered
valence band and the ground-state energy levels of the divalent
actinides as compared to that of the lanthanides. This is fully
7 consistent with the greater difficulty in reducing lighter (pre-
californium) trivalent actinide ions, such as An@°3lto the
divalent state and the generally higher energy of the 5f orbitals

of the Are™ ions relative to the 4f orbitals of the homologous
Ln3+.32

----T=295K
—T=77K

Absorption (arb. unit)

U PR Y P NI S P I S NI SR N S S N .

16000 20600 24000 28000 32(;00
Wavenumber (cm'1)
Figure 4. Absorption spectra of Eu(Ettc)(bipy) at 295 and 77 K.

emission  absorption

Intensity (arb. unit)

N E— — — _——, i oo — — C. Dynamics of CT Transitions: Lattice Relaxation and

10000 12000 14000 16000 18000 20000 22000 24000 26000 Electron—Hole Binding. The ligand-to-lanthanide CT transi-
tions appear as intense absorption bands because they are spin-
and dipole-allowed transitions, which are much stronger than

4 K. The group of sharp peaks centered at 10 000'dsthe emission the parity-forl?)i.dden, Iapthanide-centered—4f ransitions. Once
spectrum of the 4f4f transition from theFs, excited state to th&, the CT f[ran_smon termlnates at the groun_d state O_f the divalent
ground state of Y& lanthanide ion, a series of strong, dynamic relaxation processes
brings the system to the minimum in its configuration coordi-

5L states are expected to overlap with the CT band in the region nate. Because the ionic radius of a d'V‘?"e“‘ Ianthan_lqe IS
from 17 000 to 25 000 cnit. Three very weak, sharp lines on approximately 0.18 A larger than the radius of the original
top of the CT band are visible at 17 656 21’ 410 and 25 180 trvalent lanthanid@! both complex electronic and lattice
cm~1in spectra recorded at 77 K or lower temperatures (Figure rela>_<at|on Processes may occur. In the three cpmplexes we
4). These lines are presumably-4ff transitions suppressed by studied, based on t_he experlment_al results, relaxation may occur
interference from the CT transitions. Because first-order crystal- PY Several routes illustrated in Figure 2.

Wavenumber (cm™)
Figure 5. CT absorption and emission spectra of Yb¢t)(bipy) at

field splitting is absent in théS;> ground state of the Bt 4f7 (1) Intersystem crossing back to the initial parabola of
configuration and the first excited state is far above the ground configuration coordinate with quenching of all luminescence.
state, the splitting of theéS;, state should be sma#2° This is the case we observed for the Eu complex. No fluores-

Therefore, the lowest-energy EuCT transition should be  cence was observed in laser excitation of Epffefs(bipy),
comparatively narrow, and CT to the Ewexcited states is not ~ Whereas most compounds containing*Euincluding other
expected to occur below 40000 cin Consequently, the  dithiocarbamate complexes such as Na[Eufg,],** and
absorption band observed below 28 000 &rim Eu(Ebdtc)- numerous 2,2bipyridine-based complex#s3’ are luminescent.
(bipy) arises from the CT transition, while the much stronger The origin of this anomaly is well understood in the present
absorption band above 28 000 thwhich is also observed in ~ case because the emitting stéi@e, is above the low-energy
Gd(Etdtc)(bipy), is attributed to the complexed ligands. shoulder of the CT band. Radiative transitions from tbg

In Yb(Etdtc)(bipy), the CT transition initiates both CT  state are quenched and nonradiative relaxation througfrthe
luminescence and luminescence from theé dkcited state. The  States as well as direct interconfiguration relaxation from the
Yb system, therefore, provides more detailed information on CT state is expected.
the energy level structure and excited-state dynamics. As shown (2) Intersystem crossing to the excited states of the trivalent
in Figure 5, the low-energy shoulder of the %CT band at 4 ion, followed by intraconfigurational 4f4f transitions to the
K is located at approximately 21 500 ciAt room temperature  ground state. This is the situation we observed in Spd(Ek-
it shifts to 19 500 cm!. The broad emission band centered at (bipy), as typified by the strong fluorescence from fti@,
19 700 cn! is due to radiative relaxation of the excited CT excited state at 17 687 crh The observed fluorescence decay
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of the Gs/; manifold is single exponential, with a lifetime of 60

24.5 us, indicating the presence of a single Bnsite in the 55_5 Ln™:YPO,
lattice. By use of JuddOfelt theory, values of three intensity 3 s Eu*

parameters were obtaine@{4 6= 1.57, 2.65, and 3.65, in units 50 e Yb*

of 10720 cm™1). The calculated branching ratios for transitions ‘; 45_5 A sm”

from the *Gs;, manifold are in agreement with experimental o ]

values. The calculated radiative lifetime of tf@®s,, manifold e 40-;

~

is 3.24 ms, and the corresponding fluorescence quantum 5
efficiency is only 0.75%, which may be due to efficient 3
multiphonon relaxation processes induced by the localized high- : 303 (.o pHLnl,
frequency vibrational modes in the bipyridyl group. The thermal = ]
line broadening and shifts of tH&s/,(1) — 6Fy, transition also W ]
were observed and fitted very well by the McCumb8turge 20
equations with an assumption of Raman phonon-scattering ]
processes as the leading relaxation mechahism. 3
(3) Radiative relaxation back to the ground-state parabola of 10 A= T T T
the configuration coordinate and to the excited 4f states of the _y
trivalent ion. This is the case we observed for the Yb complex, E(6,3+,L) (10°cm’)
as shown by the spectra in Figure 5. In fact, for lanthanide Figure 6. Comparison of energy levels of the lowest CT state of'Sm
compounds, radiative CT relaxation back to the initial parabola EW**, and YB* in various compounds.
of the configuration coordinate occurs only in Yb complexes.
In most cases, CT emission to both fiffe,, and?Fs, states of
Yb3* occurs. However, for Yb(&titc)s(bipy), we observed only

Ln*":LaOBr

Ln(Et,dtc) (bipy)

TABLE 3. Measured CT Energies for Ln(Et.dtc)s(bipy) at 4

the emission to théF;, state. CT emission to the uppert#f Ln®* in Ln(Etdtck(bipy) ECT(Ln3") (10°cmt)
multiplet, 2Fs,, was not observed. This indicates that the gap St 22.5
between the lowest CT state of Yb§#tc)(bipy) and the’Fs, ELF;+ 19.3
energy level is small enough that the transition falls into the IR Yb 28.3
region.

Eu¥t compounds as a reference, the CT energies of Smd

Yb3* in these sets of compounds locate nicely on two lines
parallel to that of the B line. Although the CT energies

of a given L#" differ by as much as 30 000 crh from
((CeHs)sPH)RLNIg to L3+ YPO,, the energy differences between
different lanthanides are independent of the compounds, the
concentration of the absorbing species, the type of ligand (i.e.,
hard vs soft ligands), and even whether the crystal contains
discrete molecules or extended coordination networks. Whereas
the difference in CT energy between different lanthanides in

Lo ) . the same compound is a characteristic of the 4f elements bein
which is much narrower than the CT absorption bandwidth. P 9

Therefore the difference between the emission bandwidth andcompared, the variation of the CT energy in different compounds

. A . .~ of the same L#" ion shown in Figure 6 is caused by differences
the absorption bandwidth indicates that the excited CT state iISin the ion-ligand coupling strength and the chemical stability

more complicated than the single-well parabolic configuration of the systems.

coordinate depicted in Figure 2. According to eq 2, the systematic variation of the’LICT

The multiband structure of the IOW-temperature CT Spectrum energieS, or the ground_state energy levels cﬁﬂ_ﬂekﬂive to
of EW?* also suggests that the CT transitions may end up in the valence band of Ln(ttck(bipy), can be calculated using
different electronic states separated by approximately 2000 the values ofAEy(n+1,7,2+) given by Dorenbdsand our
3000 cnT™. Because the excited states of’Eare more than  measured value of the EUCT energy. The results are plotted
20000 cn' above the ground state and the ground-state in Figure 7. The agreement between the calculated energies and
Spllttlng is eXpected to be much smaller than 2000%:?&29 the experimenta”y measured CT energies of Saqnﬁk(tnpy)
the mUlUpIe Ed* CT bands I|ke|y arise from differences in the and Yb(EEdtc)S(bu)y) underscores the genera| app“cabmty of
electronic structures of the sulfur-bearingdit™ ligands and  the results across the lanthanide series even in the case of the
the nitrogen'bearing blpyrldyl I|gand This also Implles the presumab|y more covalent 8- and Ln—N_Containing com-
presence of multiwell parabolic configuration coordinates for pounds, where ionligand electronic coupling could be impor-
Eu(Etdtc)(bipy). Such multiwell excited-state energy potentials tgnt.
are not unusual when CT vibronic excitons are taken into By Comparison of the CT absorption and emission Spectra
account®~4% Moreover, the excited-state potentials shown in of Yp(Etdtc)(bipy) (Figure 5), one can see that both the
Figure 2 may not be simple single-well parabolas because of emission bandwidth and the red shift from the absorption bands
dynamic lattice distortions induced by the CT transitions. are on the order of 3000 crh(<0.4 eV). This broadening and

D. Systematics of Energy Level VariationsThe measured  energy shift are expected considering the change in the
values of the low-energy shoulder of the CT transitions fof"Eu  configuration coordinate between the divalent and trivalent ions
Sm?t, and YIBT in Ln(Etdtc)(bipy) at liquid helium temper- in the complex. On the other hand, as indicated in Figure 2c,
ature are listed in Table 3. For comparison, these values arethe CT relaxation to théFs, excited state of Y& and the
plotted in Figure 6 with the reported CT energies of the same ensuing narrow fluorescence band arising from intraconfigura-
cations in four other compound®y use of the CT energy of  tional 4f—4f transitions also suggest that the energy difference

The multiband structure in the low-temperature absorption
spectrum of Eu(kdtc)s(bipy) is clearly apparent in Figure 4.
The total CT bandwidth is approximately 5000 thhwhich is
consistent with typical values of lanthanide CT bands, which
range between 5000 and 10 000 ¢#8° Because of overlap
with ligand absorption bands and the limitation of our spec-
trometer in UV region, we cannot determine the bandwidth
of the CT band for Sm(kdltc)(bipy) or Yb(Etdtc)(bipy).
However, the bandwidth of the CT emission spectrum of
Yb(Etdtc)s(bipy) shown in Figure 5, is only about 3000 ctin
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91 for the Ln(Etdtc)(bipy) complexes are quite different from
] those reported for L3 ions doped in YP@? even though the
energy gaps between the ligand-based valence states and the
4f" ground state of the L3 ions are very similar for the two
systems. In contrast, the4§round states of L1 doped in
o CaF, all lie above the valence statésyhile for Ln**-doped

YAG, only the 4f states of C&, P+, and TE" lie above the

top of the valence bant$:** Since each of these cases places

the Lr*" ions in octacoordinate O or F sites, the measured
relative positions of the ground™and ligand electronic states
are not solely dependent on the nature of the ligand donor atoms
(i.e., hard, ionic O and F donors vs softer N and S donors).
Valence Band / Such ligand effects should not be important when comparing a
] \ homologous series of isostructural f-element compounds, such
-2 as Ln(Etdtck(bipy) and An(Etdtc)(bipy), however.

—a— Cal
o Exp

Energy (eV)

o] Band Gap th

-3 T T T T T T T T T T T T T 1 .
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 V. Conclusions

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

N The systematic variation of the CT transition energies in

Figure 7. Systematic variation of the ground-state energies 6FLn lanthanide compounds provides a useful tool for understanding
(upper points) and L3t (lower points) relative to the valence band of the electronic structure of the complexes by locating the relative

Ln(Etdtc)(bipy). Values calculated based on the measured CT energiesPOSition of the ground-state energy levels of thé*Land the
of EW** and YB* in Ln(Etdtc)(bipy). Ln3* ions with respect to the highest-occupied ligand orbitals.

Even in a system containing soft donor ligands, the differences
between the Y& ground state and the top of the valence band in CT energies between different ¥hare independent of the
should be less than 0.2 eV, one-half of the observed CT compound. Therefore, the CT energies of alPLipns in the
bandwidth. This observation, coupled with the complex inde- Same compound can be predicted based on the measured value
pendent variation of the energy levels of3trrelative to the ~ for one ion. The measured values of the ligand-to-metal CT
valence bandallows us to determine the locations of the ground €nergies for LA" in Ln(Etdtc)(bipy) are extremely low in
states of each L3t relative to the valence band of the complex. comparison with other systems, an expected behavior that
The predicted systematic variation is shown in Figure 7. reflects the properties of the soft donor complex. The systematic

The chemical picture that emerges from our measurementsP€havior also implies that the degree of covalent interaction
provides a basis for comparing the degree of f-state ligand Petween the ligands and the SmEL**, and YB" ions are
interaction in the ground state by combining the spectroscopic Similar despite their widely differing ion size (ca. 0.09Aand
and structural information. On the basis of the calculations the differences in the ground-state energy of the 4f states.
summarized by Figure 7, the ground 4fates of Eu, Gd, and By measurement of the energies of the CT transitions, the
Yb lie at or below the highest-occupied ligand states. The Presentwork provides a clear explanation for the total quenching
ground-state energies of the other lanthanides range from caOf EU" 4f—4f fluorescence in Eu(Edtc)(bipy), whereas
0.6 to as much as 4 eV above the top of the ligand band. Despiteliminescence from other lanthanide ions,*Srand Y, and
the varying energy mismatch between the metal 4f and the filled 2" actinide ion, A, in the same complex could be observed.
ligand orbitals for some of the lanthanides (most notably Ce, The comparison between the excited-state dynamics bf iu
Pr, Tb, and Dy), the structures and chemistry of the compoundsthe 4P configuration and A" in the 5f configuration
are constant across the series, suggesting that any covalerfighlights distinct differences in the catiefigand electronic
interactions involving filled ligand orbitals and empty f orbitals coupling of the lanthanides and actinides in this series of
are weak. Since the ground state energies of most of thecomplexes. Our observations and analysis provide a detailed
lanthanides lie above the highest-occupied ligand states, it mightunderstanding of electronic interactions and the effects of
seem more likely to observe covalence incorporating significant covalency of f-element ions coordinated with soft donor ligand
4f orbital participation between occupied metal orbitals and Complexes, giving a benchmark for further studies of the
empty ligand orbitals, for example, metdigand back-bonding.  €lectronic structures of the complexes of trivalent lanthanides
Yet this does not seem to be the case either. The crystaland actinides with soft donor ligands.
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