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Polarized optical absorption and emission measurements are used to locate and assign 52 crystal-field energy
levels split out of the #felectronic configuration of Etf in single crystals of NYbo ofE Uy o5dpa)]-NaClO,:

10H,0 (where dpa= dipicolinate dianion= 2,6-pyridinedicarboxylate). In these crystals, eachEsicoordinated

to three dipicolinate (dpa) ligands, and the tris-terdentate Euipahelate structures have trigonal-dihedral

(D3) symmetry. The combined optical absorption and emission measurements provide access to the energy-level
structures of 27 different 8fSL]J multiplet manifolds of E&", and 21 of these multiplet manifolds are represented
among the 52 crystal-field levels that are characterized with respect to both location (energy) and symmetry
properties. The energy-level data obtained from experiment are analyzed in terms of a model Hamiltonian that
includes consideration of both isotropic and nonisotropic 4f-electron/crystal-field interactions. A parametrized
form of this Hamiltonian is used to perform parametric fits of calculated-to-experimental energy-level data, and
the results obtained from these data fits show a root mean square (rms) deviation of di&breen calculated

and observed energies. The Hamiltonian parameters evaluated from the energy-level analyses provide information
about both the anisotropies and the overall strength of the 4f-electron/crystal-field interactions that contribute to
the energy-level structure of Eu(dp&) complexes. In addition to energy-level data, the absorption measurements
performed in this study permit the quantitative determination of relative optical line strengths for 22 different
Stark-level-to-Stark-level transitions observed in the low-temperature axial absorption spectra of £ufdpa)
Nag[Yho.95E W.o(dpak]-NaClO,- 10H0.

Introduction analyses of 4¥(Ln3") energy-level structure and 4f 4f

- - ’ i
The tris-terdentate coordination complexes formed by the Fransmon propertie® 8 Details of the electronic state structure

- . .
chelation of three dipicolinate (dpa) ligands to a trivalent In Ely(dpa) ‘?nﬁ Tb(dpa?l are dlrectly relzlevat:]t to f“?ce”t
lanthanide ion (LA™ have been used extensively as both optical applications of these complexes as optical probes of intermo-
and magnetic probes in a wide variety of chemical and lecular chiral recognition processes in solutfo? In these
biochemical studies. Among these complexes, the two most applications, the Eu(dp#) and Th(dpa®~ complexes function
frequently used as optical probes are Eu(gfyand Th(dpaf- as energy donors in intermolecular electronic energy-transfer
each of which exhibits a luminescence that can be excited with PFOC€SSES, and the efficiencies W'th which they play that role
high quantum efficiencyand shows excitation and emission depend, in Iarg_e part, on the details of their electronlc-stgte
spectra that are particularly sensitive to environmental perturba-StruCture (relative to that of the energy acceptors being

tions. The luminescence _proper_tles of E_u(@(ijaand Tb(dpe_g% (5) Berry, M. T.; Schwieters, C.; Richardson, F.Ghem. Phys1988

complexes have been investigated, in both crystalline and 122 105.

solution media, by a number of workerst The emission (6) Berry, M. T.; Schwieters, C.; Richardson, F.Ghem. Phys198§
i i At ; ; 122, 125.

spectra pbtalned from these investigations prowde con5|derable (7) Morley. J. P.: Saxe, J. D.: Richardson, F.\ol. Phys.1982 47

information about energy-level structure within tg multiplet 379.

manifolds of the &(Ew*") and 4f(Tb®*) electronic configura- (8) Saxe, J. D.; Morley, J. P.; Richardson, F.Mol. Phys.1982 47,

tions in the respective complexes, but the available information 407.
(9) Richardson, F. S.; Metcalf, D. H.; Glover, D.R.Phys. Chenl991

falls far short of that needed to support a meaningful crystal- 05, 6249,
field analysis of 4f(Ln3") energy-level structure. This situation  (10) Metcalf, D. H.; Snyder, S. W.; Demas, J. N.; Richardson, B. 8m.
may be contrasted to that for the structurally similar Eu(¢ida) Chem. Soc199Q 112, 5681.

— ; (11) Metcalf, D. H.; Snyder, S. W.; Demas, J. N.; Richardson, FJ.S.
and Tb(oda$~ complexes (where oda oxydiacetate), for Phys. Chem199Q 94, 7143.

which there exist extensive and detailed characterizations and(12) metcalf, D. H.; Stewart, J. M.; Snyder, S. W.; Grisham, C. M.;
Richardson, F. Sinorg. Chem 1992 31, 2445.
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investigated}? A more precise knowledge of Eu(dg#) and At
Th(dpa}?~ energy-level structures is needed to advance these
applications beyond their current level of utility.

In the present study, we focus on the measurement and r

analysis of electronic energy-level structure in Eu(dpa) ot
complexes. Optical absorption and emission measurements are i
reported for these complexes in single crystals of hexagonal 2T

Nag[Ybo o= Wy o dpaj]-NaClOy- 10H,0, and the results obtained
from these measurements are compared to results obtained from
optical excitation and emission measurements on Eugéipa) H

in aqueous solution. The measurements performed on the ol
single-crystal samples provide access to the energy-level i
structures of 27 different 4fSL]J multiplet manifolds of E&", a3
and from these measurements a total of 52 crystal-field (Stark) A-Ln(dpa);3~ ALn(dpa);>

levels are both Ioc_ated and assigned. The_se e_nergy-level datci'\:igure 1. Structural representations AfLn(dpa)?- andA-Ln(dpa)®-
are then analyzed in terms of a model Hamiltonian constructed enantiomers. The top structures are viewed along the trigaBgl (

to represent the #&felectronic state structure of Eu in symmetry axis, and the bottom structures are viewed along one of the
Eu(dpa)®~, and the results obtained from this analysis provide digonal Cz) symmetry axes. The dimensions of the structures are
information about crystal-field interaction strengths, anisotropies, indicated by the angstrom (A) scales shown on the left-hand side of
and state vectors. Additionally, the single-crystal absorption the figure.
spectra are sufficiently well-resolved to permit the quantitative ) .
determination of relative optical line strengths for transitions (dPa]*NaClO,10H,0. Ei* is larger than YB", but with
between individual crystal-field levels of Eiin hexagonal ~ EW'/Yb®" concentration ratios< 0.1, this appears not to
Nag[Ybo oeE Lo.ofdpa)]-NaClOy 10H,0. produce any significant structural distinctions betweeg Xla
Albertsson has reported single-crystal X-ray diffraction studies (dPa}]-NaClQy-10H,0 and Ng[Yb;-«Eu(dpa}]-NaClQr 10H0
on a series of compounds that contain Ln(dpagromplexes, (x < 0.1).
including hexagonal NfiYb(dpa)]-NaClOy10H,02%2 These The chirality-related optical properties of Eu(dp#) are of
studies show that the Ln(dp&) complexes have tris-terdentate ~ considerable interest, but they are not accessible to study by
chelate structures in which each dpa ligand is coordinated to conventional chiroptical measurement techniques. As was noted
the Lr#* ion via two carboxylate oxygen donor atoms and a above, Eu(dpaj~ exists as a racemic mixture of rapidly
pyridyl nitrogen atom. The Ln§Ns coordination polyhedron  interconvertingA-Eu(dpa)®~ and A-Eu(dpa)®~ enantiomeric
has a slightly distorted tricapped trigonal prism structure in Structures (optical antipodes) in solution, and it crystallizes as
which oxygen atoms are located at the apices of the trigonal @A,A-Eu(dpa)®™ racemate. Therefore, neither solution samples
prism and nitrogen atoms are in the capping positions. Eachnor crystalline samples of Eu(dp#) exhibit any circular
of the three bicyclic chelate rings in a Ln(dgi)complex has  dichroism or optical rotatory properties under ordinary, equi-
a 2-fold Symmetry axis that coincides with a+N coordination librium conditions. HOWeVer, there are several methods one
axis, and taken together, the chelate rings form a three-bladedMay use to examine the chiroptical properties of Eu(gpah
propeller-like structure of trigonal-dihedrdd{) symmetry. This solution, each of which involves either a static displacement or
structure is chiral, with a handedness that reflects the screw sens@ dynamic disturbance of th&-Eu(dpa)*” = A-Eu(dpa)*~
(or helicity) of the three-bladed propeller assembly. Complexes enantiomer interconversion processes. One method is based on
in which the propeller assembly hadedt-handedscrew sense the use of chiral chemical reagents that, when present in solution
(about its 3-fold symmetry axis) are generally labeledAgs ~ With Eu(dpay®”, will displace theA = A equilibrium state away
and those in which the propeller assembly haight-handed from that of a racemic mixtur® These solutions will then
Screw sense are genera”y labeled\asin so|ution, Ln(dpa}”* exhibit Chiroptical properties that may be related to those
complexes exist as a racemic mixture of rapidly interconverting characteristic of the dominant enantiomer population. A second
A-Ln(dpa)?~ and A-Ln(dpa)®~ enantiomer&? and they also method is based on the use of circularly polarized light to

crystallize as racemates. Structural representations df thed ~ Preferentially excite eitheA or A enantiomers and thereby
A enantiomeric forms of a Ln(dp#) complex are shown in  Create a nonracemic excited-state population that may be studied
Figure 1. via chiroptical luminescence measurement technigh&s’

In hexagonal NgYb(dpa)]-NaClOy10H,0 (space group Finally, we mention a third method that is directly related to
P62c with Z = 2), the Yb(dpay® complexes are located in  the use of Eu(dpgj~ complexes as optical probes of chiral
mirror-related layers perpendicular to the crystadxis, and recognition processes in solution. In this method, the solution
complexes in adjacent layers are connected via sodium ions and@mples of Eu(dpa_f contain small concentrations of chiral
water molecules to form infinite linear chaiangthe crystal molecules that exhibit enantloselectn/_lty in their quenchlng of
c-axis?? Each Yb(dpay~ structural unit haDs point-group ~ A-Eu(dpay*” versusA-Eu(dpa)*” excited-state populations.
symmetry (with its 3-fold symmetry axis aligned parallel to the The Eu(dpag®~ complexes are excited with unpolarized light
crystal c-axis), but these structural units alternate betwaen 0 prepare an initially racemic excited-state population, which
and A enantiomeric forms along the-axis. Our polarized then evolves to a nonracemic composition that reflects enanti-
optical measurements on single crystals of[MBg gsEUo 05
(dpa)]-NaClOy-10H,0 indicate that the structural properties of (25) (a) Hilmes, G. L.; Coruh, N.; Riehl, J. lorg. Chem1988 27, 1136.

; : ; ; (b) Coruh, N.; Hilmes, G. L.; Riehl, J. fhorg. Chem1988 27, 3647.
these crystals are essentially identical with those of W& () Wu, S.: Hilmes, G. L Riehl, J. . Phys. Chemi989 93 2307

(d) Riehl J. P Analytical Applications of Circular DichroispPurdie,

(20) Albertsson, JActa Chem. Scand.97Q 24, 1213. N.; Brittain, H. G., Eds.; Elsevier: Amsterdam, 1994; pp. 2@39.
(21) Albertsson, JActa Chem. Scand.972 26, 985. (26) Metcalf, D. H.; Richardson, F. 9. Alloys Compd1994 207/208
(22) Albertsson, JActa Chem. Scand.972 26, 1005. 59.

(23) Albertsson, JActa Chem. Scand.972 26, 1023. (27) Richardson, F. S.; Metcalf, D. H. @ircular Dichroism: Interpretation
(24) Metcalf, D. H.; Snyder, S. W.; Demas, J. N.; Richardson, B. 8m. and ApplicationsNakanishi, K., Berova, N., Woody, R., Eds.; VCH

Chem. Soc199Q 112 469. Publishers: New York, 1994; Chapter 7, pp ¥337.
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oselective excited-state quenching actions. Chiroptical lumi- Table 1. Electric () and Magnetic ify) Dipole Selection Rules for
nescence measurements are then used to characterize th@ptical Absorption and Emission Measurements on Eudpa)
chiroptical properties of the dominant excited-state popula- COMPlexes in Hexagonal Marbood=to ddpaj]-NaClQy-10H,0

tion.19:27 orthoaxial spectfa
In the present study we focus primarily on the energy-level transitiontyp@  axial spectra  o-polarized  z-polarized
structure of Eu(dpaj~, as determined from optical absorption AL A, forbidden forbidden forbidden
and emission measurements performed on single crystals of A, <A, forbidden Mo Lo
Nag[Ybo oWy o dpa)]-NaClOy-10H,O. However, comparisons Ar< A, forbidden forbidden forbidden
between solution and crystal spectra are also included. Ai—E M1, Mg M1 My
A, E M1, My M1 myg

E<~E U1, Myg M+1, Mo Mo, Myy

) aEnergy levels are labeled according to their irreducible representa-
Compound and Crystal Sample Preparation. Hexagonal crystals tion (irrep) in the Ds point group.’ Light propagating along the
of Nag[Ybi-«Eu(dpa}]-NaClO,10H,0O were grown from aqueous  crystallographic-axis (theuniqueaxis), which is parallel to the trigonal
solution following procedures closely similar to those used by Alberts- symmetry axes of the Eu(dp#) complexes¢ Light propagating along

Experimental Methods

sorf? in the preparation of hexagonal Néb(dpa)]-NaClOs10H,0. a direction orthogonal to the crystallograplti@xis.
In our case, the mother solution contained 0.95:0.05:3.00 molar ratios
of ytterbium perchloratéo europium perchlorat disodium dipicoli- Optical Absorption Measurements on Crystal Samples. All

nate, and the pH of the solution was approximately 7.5. Morphologi- absorption spectra were obtained with a Cary Model 2415-\ig—
cally well-defined hexagonal crystals developed from the solution at near-IR spectrophotometer. A CTI-Cryogenics closed-cycle helium
room temperature over a period of weeks, and the yield of optical refrigerator/cryostat, controlled by a Lake Shore Cryotronics temper-
quality crystals was reasonably good. The crystals harvested for opticalature controller (Model DRC-70), was used to achieve a cold-head
studies were typically well-formed hexagonal platescaf 1 mm temperature of 10 K. Absorption spectra were recorded over the 300
thickness, which under inspection with a polarizing microscope showed 600 nm wavelength range. Unpolarized axial, andndz-polarized
uniaxial symmetry properties. The crystals showed no signs of orthoaxial spectra were measured for YboEUDPA crystals. The ortho-
deterioration during storage under ordinary laboratory atmospheric axial spectral measurements were taken by fitting a linear polarizing
conditions, and their optical properties remained unchanged over periodselement into the spectrophotometer.
of months after their removal from the mother solution. Optical line strengths were determined for 22 of the transitions
No attempts were made to determine the exact ratio f YbEw#* observed in the axial absorption spectra. These line strengths were
concentrations in the crystals harvested for optical studies, but determined by integrating observed absorbances over transition line
comparisons between optical absorbance data obtained on these crystaRrofiles and then evaluating
and on solution samples of known Eu(dga)concentrations indicate
that the concentration of Eu(dg&) complexes in the crystals is within 3.06 x 10739i A@) dv
4+20% of the 96.2 mM value predicted for crystals of stoichiometric S-(0) = X(Mgeb Jit (D9 @
formula Na[Ybo oW os(dpa}] -NaClQ, 10H,0. This assumes that the i aem
(average) unit-cell dimensions in MEbg o= Uy o dpa))-NaClOy,» 10H,0
will not be significantly different from those determined for JNéb-
(dpa)]-NaClO,-10H,0.2% This is a quite reasonable assumption based
on the relatively small difference between the ionic radii of'Eand
Yb?*, which are estimated by Shandto be approximately 1.12 and
1.04 A, respectively, in 9-coordinate complexes. It is also compatible
with X-ray diffraction results obtained on single crystals of hexagonal
Nag[Ybo.e5Smy of(dpa)]-NaClOy- 10H,0, which show that the structural
parameters of these crystals are essentially identical with those;of Na
[Yb(dpa)]-NaClO,»10H,0>° Hereafter we will use the notation
YbEuUDPA in referring to the crystal samples examined in the present

whereS-—«(a) denotes the unpolarized axial line strength of a transition
i — f, expressed in units of DD = 1 debye unit= 1078 esu cm=
3.3356 x 10730 C m); g; is the degeneracy of levé] X(T) is the
fractional thermal (Boltzmann) population of levelat the sample
temperatureT); cm is the molar concentration of Euin YbEUDPA,;
b is the sample thickness (cmy); is a correction factor for bulk sample
refractivity at the transition wavelengtty A(v) denotes the decadic
absorbance of the sample at wavenumbemnd the integration is over
the absorbance profile of thie— f transition. The molar concentration
of EL®" in YbEuDPA was assumed to be 0.0962 & 0.0962 mol/L),
work and assume that the mole percent ratio of*Yio EW* ions in as discgssed earlier in the paper, and all of our unpolarized axial
these crystals is very close to 95:5. apsorptlon measurements were performed on crystals of 0.3 cm
. . . ) thickness. Refractive index dispersion data fog[Na(dpa)]-NaClQOy--
The single-crystal samples used in our optical absorption and 14145 systems are not available, so ghefactors in our line-strength

emission experiments were attached to a one-piece copper mount withg, ression could not be evaluated. Al of the line-strength data reported
Crycon grease and indium foil, and the copper mount was attached to;, this paper are given in units of 10D?y;.

the_ co_Id head o_f a closed-cycle helium refriger_ator/cryostat, with strips  the surface temperature of the crystal samples was maintained at
of indium providing a thermally conductive interface. The crystal 14 pyt analyses of relative line intensities observed in the absorption
samples were attached to the copper mount with their unique (0ptic) gpecira indicated that the internal temperature of the crystalsaas
axis aligned either parallel or perpendicular to the direction of light 50 k ~ The |atter temperature was used in calculating values for the
propag_atlon in the_ optlcal absc_)rptl_on experl_ments gnc_i the dlregtlon of Boltzmann population factor(T), that appear in eq 1. Integrated
excitation and emission detection in the optical emission experiments. 5 oac of absorption lines were determined using computer software.
Parallel alignment of the unique axis and the direction of light g jntegration program uses a fitting routine to fit a combination of
propagation is referred to here asafial orientation. Perpendicular  Gssjan and Lorentzian line shapes to the experimentally observed
alignment of the unique axis and _the direction of light propagation is spectral lines. The program then uses the fitted combination of
referred to as awrthoaxial orientation. _ Gaussian and Lorentzian line shapes to calculate areas.

In our initial optical experiments, the crystal samples were lightly  Optical Emission Measurements on Crystal Samples.Optical
coated with Crycon grease to inhibit their possible deterioration (via emission spectra were measured using instrumentation constructed in
efflorescence) under the high-vacuum conditions in the closed-cycle this laboratory. An argon-ion laser was used as an excitation source;
helium refrigerator/cryostat. However, a repeat of these experiments sample luminescence was dispersed with a 0.75 m double-grating
with unprotected crystal samples yielded essentially identical results, monochromator, and luminescence intensity was measured using
and the crystals showed no signs of deterioration during multiple up- photon-counting techniques. In all experiments, sample excitation was
and-down temperature changes (betwean10 and 293 K) in the  ajong the same direction as emission detection. Two different optical

cryostat. cryostats were used to control sample temperature in the emission
experiments. A closed-cycle helium refrigerator was used in experi-
(28) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767. ments carried out at 10 and 293 K, and a liquid-nitrogen-cooled cryostat

(29) Bolender, J. P.; Sabat, M. Unpublished results, University of Virginia. was used in experiments carried out at 77 K. Single crystals of
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Table 2. Calculated and Experimentally Observed Crystal-Field Energy Levels 8f iBEtHexagonal NgYbg ofE U os(dpa)]-NaClO, 10H,0

energy (cm?)

energy (cm?)

level no. term J e calcdt expt A® level no. term Ja e calcd expt A®

1 F 0 Ar -1 0 -1 75 5G(3) 6 A 26 504 26 506 -2
2 F 1 A 324 322 2 76 5G(3) 4 E 26 510 nd
3 F 1 E 402 397 5 7 5G(3) 2 A 26516 nd
4 F 2 E 994 985 9 78 5G(3) 4 A 26538 nd
5 F 2 Au 1019 nd 79 5G(3) 6 E 26 555 26 540 15
6 F 2 E 1081 1082 -1 80 5G(3) 5 A 26556 nd
7 F 3 Ao 1824 1821 3 81 5G(3) 6 E 26561 26 563 -2
8 F 3 E 1835 nd 82 5G(3) 6 A 26 572 nd
9 F 3 Ao 1846 1864 —18 83 5G(3) 5 E 26574 26 576 -2

10 F 3 E 1925 1920 5 84 5G(3) 6 E 26 591 nd

11 F 3 Au 1937 nd 85 5G(3) 5 A 26 598 nd

12 F 4 E 2652 2667 —15 86 5G(3) 4 A 26 607 nd

13 F 4 Ao 2803 2799 4 87 5G(3) 6 E 26611 nd

14 F 4 E 2840 2833 7 88 5G(3) 5 E 26 634 nd

15 F 4 A 2905 nd 89 5G(3) 4 E 26 644 26655 —11

16 F 4 E 3010 3 006 4 90 5G(3) 3 A 26 670 nd

17 T 4 A 3076 nd 91 5G(3) 4 A 26690 nd

18 F 5 Ao 3760 3748 12 92 5G(3) 4 E 26 717 nd

19 F 5 E 3781 3788 =7 93 5G(3) 3 A 26 756 nd

20 F 5 E 3931 3911 20 94 5L 8 A1 26 982 nd

21 F 5 E 4015 4035 —20 95 5L 8 E 27 005 nd

22 F 5 E 4063 4063 0 96 5L 8 E 27 046 nd

23 F 5 Aq 4064 nd 97 5L 8 E 27 053 nd

24 F 5 Ao 4087 nd 98 5L 8 Az 27 057 nd

25 F 6 Aq 4948 nd 99 5L 8 A 27 064 nd

26 F 6 Ao 4950 4 950 0 100 5L 8 E 27 094 nd

27 F 6 E 4985 nd 101 5L 8 E 27 104 nd

28 F 6 E 4992 5006 -—14 102 5L 8 A1 27 145 nd

29 F 6 Aq 5012 nd 103 5L 8 E 27 154 nd

30 F 6 Ao 5022 nd 104 5L 8 Az 27190 nd

31 F 6 E 5089 5080 9 105 D(3) 4 A1 27 508 nd

32 F 6 E 5144 nd 106 D(3) 4 E 27511 27 515 -4

33 F 6 Av 5163 nd 107 D(3) 4 A 27513 27511 2

34 D@3) 0 A, 17200 17191 9 108 5D(3) 4 E 27554 27551 3

35 D(3) 1 Ao 18 927 18 930 -3 109 D) 4 A 27554 nd

36 5D(3) 1 E 18951 18951 0 110  5D(3) 4 E 27574 27561 13

37 D(3) 2 E 21398 21397 1 111 5L 9 A1 27675 nd

38 D) 2 A 21400 nd 112 5L 9 E 27 697 nd

39 D(3) 2 E 21418 21433 -—-15 113 5L 9 E 27732 nd

40 D(3) 3 Ay 24 242 nd 114 5L 9 A 27 745 nd

41 D(3) 3 E 24 261 nd 115 5L 9 Az 27773 nd

42 D(3) 3 Aq 24 278 nd 116 5L 9 Az 27794 nd

43 D(3) 3 Ao 24 281 nd 117 5L 9 E 27798 nd

44 D(3) 3 E 24 290 nd 118 5L 9 A1 27 802 nd

45 5L 6 A 24916 nd 119 5L 9 E 27818 nd

46 5L 6 E 24 952 24930 22 120 5L 9 E 27 836 nd

47 5L 6 E 25024 nd 121 5L 9 E 27 863 nd

48 5L 6 Aq 25086 nd 122 5L 9 Az 27 866 nd

49 5L 6 Az 25095 nd 123 5L 9 A1 27873 nd

50 5L 6 E 25123 nd 124 5L 10 Aq 28 089 nd

51 5L 6 Az 25180 nd 125 5L 10 E 28 109 nd

52 5L 6 E 25184 25189 -5 126 5L 10 E 28172 nd

53 5L 6 A1 25201 nd 127 5L 10 Az 28 227 nd

54 5L 7 E 25929 25926 3 128 5L 10 E 28231 nd

55 5L 7 A 25963 nd 129 5L 10 Aq 28 238 nd

56 5L 7 E 25986 nd 130 5L 10 E 28 259 nd

57 5L 7 A, 26 023 26 024 -1 131 5L 10 Aq 28 281 nd

58 5L 7 E 26 045 26060 —15 132 5L 10 Az 28 284 nd

59 5L 7 Az 26 048 nd 133 5L 10 E 28 315 nd

60 5L 7 Az 26 067 nd 134 5L 10 Az 28412 nd

61 5L 7 E 26 086 nd 135 5L 10 E 28 415 nd

62 5L 7 Az 26 142 nd 136 5L 10 E 28 438 nd

63 5L 7 E 26 160 26 163 -3 137 5L 10 Aq 28 452 nd

64 5G3) 3 A 26257 nd 138 SH(L) 3 A 30698 nd

65 5G3) 3 A 26295 nd 139 SH(1) 3 E 30733 nd

66 5G(3) 3 E 26 307 26318 -11 140 SH(1) 3 A 30761 nd

67 5G(3) 2 E 26 340 26355 —15 141 SH(1) 3 E 30774 nd

68 56(3) 2 E 26391 26392 -1 142 SH(1) 7 A 30807 nd

69 G(38) 2 E 26 425 nd 143 SH(1) 3 A 30850 nd

70 5G(3) 2 A 26446 nd 144 SH(1) 7 A, 30855 nd

71 5G3) 5 E 26 463 nd 145  SH(1) 7 E 30857 nd

72 5G(3) 6 A 26476 26460 16 146 SH(1) 7 E 30883 nd

73 5G(3) 6 A 26492 nd 147 SH(1) 7 A 30926 nd

74 sG3) 5 E 26499 26493 6 148 SH(1) 7 E 30935 nd
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Table 2 (Continued)

energy (cm*) energy (cnml)
level no. term 3 TP calcdt expt A® level no. term  J® TP calcdt expt A®
149 SH(1) 7 A 30 956 nd 167 SH(1) 5 A 31434 nd
150 SH(1) 7 E 30 964 nd 168 SH(1) 6 E 31447 31458 —11:11
151 SH(1) 7 E 31013 nd 169 SH(1) 6 E 31471 nd
152 SH(1) 7 Ax 31051 nd 170 SH(1) 5 Ay 31 486 31470 16
153 SH(1) 4 E 31171 31161 10 171 SH(1) 5 E 31522 31520 2
154 SH(1) 4 E 31188 nd 172 SH(1) 5 E 31551 nd
155 SH(1) 4 Ay 31210 nd 173 SH(1) 6 A 31556 nd
156 SH(1) 4 Ax 31211 nd 174 SH(1) 5 A 31 564 nd
157 SH(1) 4 Ay 31254 nd 175 3P(6) 0 A 32763 nd
158 SH(1) 4 E 31275 31283 -8 176 5F(2) 3 E 32917 nd
159 SH(1) 6 E 31333 nd 177 5F(2) 3 A 32932 nd
160 SH(1) 6 Ax 31341 31353 -—12 178 5F(2) 2 E 32 963 nd
161 SH(1) 6 A 31345 nd 179 5F(2) 2 A 32990 nd
162 SH(1) 6 E 31 352 nd 180 5F(2) 2 E 33011 nd
163 SH(1) 6 Ay 31 364 nd 181 5F(2) 3 A 33036 nd
164 SH(1) 6 E 31 388 31 386 2 182 5F(2) 3 E 33115 nd
165 SH(1) 6 E 31421 nd 183 5F(2) 3 A 33155 nd
166 SH(1) 6 A 31425 nd

a|dentifies theprincipal SLJcomponents of the eigenvectobdrreducible representation (irrep) label @y point group.¢ Calculated by using
the Hamiltonian parameter values listed in Tablé Bxperimentally determined locations of energy levels, witt{dif) to 1/.(vacuum) corrections
included. Uncertainties in the energy-level locations arek@acnt? (on average). nek not determined (i.e., energy level not fully characterized
with respect to location and/or symmetry typeRifference between calculated and observed energies.

YbEUDPA were mounted with their unique (optic) axis aligned either tion properties are specified by the three irreducible representa-
parallel or perpendicular to the direction of emission detection. tions (irreps) contained in §) which are labeled here as; A

For the hexagonal YbEuDPA crystals examined in this study, Ay, and E. We shall use the; irrep labels to identify the
emission measured along the crystallograpghaxis (i.e., the unique symmetry properties of crystal-field states and to classify

axis) is unpolarized, and no polarizing (or analyzing) optical elements - \itionshetweencrystal-field levels into the following six
were used in oumxial emission experiments. However, emission
P types: A< A A1 Ay Ay Ay A1 E; A< E;and E

measured along a direction thajpisrpendicularto the crystallographic . . “
c-axis (as in our orthoaxial spectral measurements) can exhibit at least™ E- Optical selection rules for each of these transition types

some degree of linear polarization. In our orthoaxial emission depend on the polarization properties of the perturbing radiation
experiments, the sample luminescence was analyzed in terms offield and on the interaction mechanisms responsible for the
intensity components polarized perpendiculay &nd parallel £) to transitions.

thelcr.yStt".’"C'aX'sa m's ‘t’;’]af C:tone ?yl “ts'ng a_;g(r;iarglc prl‘Ot.Oe':St'C Al transitions observed in the optical absorption and emission
(polarization) modulator that alternately transmittecindzr-polarize spectra reported in the present study may be presumed to occur

luminescence intensities to the emission detection unit of our spectro- ™. lectri ar tic-dinole int i hani d
photometer. The photoelastic modulator (PEM) was a Hinds Interna- Via electric- and/or magnetc-dipole Interaction mechanisms, an

tional Model PEM-80, operated at a modulation frequencgafL00 the relevant interaction operators for connecting crystal-field
kHz. states are the electric-dipolgs)( and magnetic-dipole nf)

All of the luminescence observed in our experiments originates from moment operators. Here we express these dipole operators in
the D(3), multiplet level of Ed+ (located at 17 191 cmt above a spherical coordinate basig,= 0, +1, chosen such that for

ground). The energy gap between this mul_tiplt_et and the next lower- any given Eu(dpa¥~ complex theq = 0 axis is defined to be
energy multiplet (Fe) is ca. 12000 cm*, which is larger than any  coincident with the trigonal symmetry axis of the complex.
lattice phonon or molecular vibrational energies in the YbEuDPA Expressed in this basis, te andmy, components of thg and
crystals. Therefore, nonradiative decay processes®i{B), are m operators each transform as thgikep under the symmetry
relatively slow, and this multiplet exhibits a reasonably strong . .

soperations of theDs point group, and theus: and my

luminescence. In this study, we measured luminescence spectr .
throughout théD(3), — 7F, (whereJ = 0—6) transition regions. In  components each transform as the E irrep under the symmetry

all cases, the luminescence was excited with the 465.8 nm line of an Operations of this group. Given these symmetry properties of
argon-ion laser, which corresponds’® — 5D(3), excitation. the uq and my operator components, electric- and magnetic-

Emission Excitation Spectra. Emission excitation measurements  dipole selection rules are easily derived for each of the six
were carried out using instrumentation constructed in this laboratory. transition types defined in the preceding paragraph. The
A Nd:YAG pumped dye laser (using Coumarin-480, Coumarin-500, selection rules relevant to our optical absorption and emission
and a combination of Rhodamine-590 anf10 as dyes) was used as  easyrements on single crystals of YbEuDPA are shown in
the exqtaﬂon source. Sample Iumlnesce_nce was Qetected using thel'able 1. Recall that in these crystals each Eu(stpajomplex
same instrumentation described for the optical emission measurements. . L . . -

is oriented with its trigonal symmetry axis aligned parallel to

A liquid-nitrogen-cooled cryostat was used to achieve a sample A .
temperature of 77 K. Unpolarizedxial and linearly ¢- and z-) the crystallographic-axis. For measurements performed on
polarizedorthoaxial emission excitation spectra were recorded over iSOtropic solution samples of Eu(dg#), the relevant selection

the 465-585 nm range’fo — 5D(3),.1 otransition regions), with sample  rules are as follows: the &= A; and A~ A transition types

luminescence monitored at 617 nrifr{ — °D(3), transition region). are both electric- and magnetic-dipoferbidden and the
) remaining four transition types are both electric- and magnetic-
Data Analysis dipole allowed
Optical Selection Rules and Line Assignments. The Among theJ-multiplet-to-J-multiplet transition regions ex-

crystal-field levels split out of the &felectronic configuration amined in this study, only two are expected to exhibit lines that
of EU3* in Eu(dpa)®~ complexes may be classified according have predominantlynagnetic-dipolepolarization properties.

to the transformation properties of their state vectors under the These two transition regions aflé, — °D(3); (in the 527-529
symmetry operations of thBs point group. These transforma- nm part of the absorption spectra) affel < 5D(3)o (in the
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592-596 nm part of the emission spectra). In all other transition Table 3. Energy Parameters for the®4lectronic Configuration of
regions, the observed lines are expected to exhibit predominantlyEW*" in Hexagonal NgYbo esE b oddpaj]-NaClO 10H,0

electric-dipolepolarization properties. The results obtained from  parameter value/cm parametey value/ecm
our polarized absorption and emission measurements are entirely E. 63 558(16) MO 4.25(0.40)
compatible with these expectationgde infra). F2 82 468(58) M2 0.56M°
Energy Level Analysis. The 4f electronic energy-level F4 59 150(79) M4 0.3aM°
structure of E&" in YoEuDPA was analyzed in terms of a model Fe 43116(47) p2 647(91)
Hamiltonian defined to operate entirelyithin the 4f config- Eso 1336(1) P 0.75%
uration, although it includes, in parametric form, some consid- g E%gé(()'lz?))) gz 9’3%(25)
eration ofinterconfigurational mixinggbetween 4fand higher- y 1336(12) Bg“ —103(52)
energy configurations of like parity). It is convenient to partition T? [370] By? —433(29)
this Hamiltonian as follows: T [40] Bo® —483(67)
T [40] Bs® —1072(45)
A=A+ A @ 1 Ll B’ ~eL2
C
where H, is defined to incorporate the isotropic parts lef v 13701 (’:lu 3.28

(including the spherically symmetric parts of the 4f-electron/
crystal-field interactions) antlaH?f is defined to represent the
nonspherically symmetric components of then-paritycrystal

2 Defined according to egs 3 and 4 in the téxDetermined from
parametric fits of the experimentally observed energy-level data listed
R > in Table 2. The numbers shown in parentheses represent uncertainties
field. We refer toH, as the atomic Hamiltonian and Cdl-!I:f in the parameter values and correspond to #Hechanges in parameter
the crystal-field Hamiltonian. The explicit form of theH, values that produce a doubling of thariance obtained in the data
operator used in the present study is identical to that used infits. The parameter values shown in square brackets were held fixed
many previously reported analyses ol@i3+) energy-level in performing the data fits Number of assigned energy levels included

; . . in the parametric data fit§.Root mean square deviation between
structure. Here we write thél, operator in the following calculated and observed energies (&m
parametrized form:

Transition Line Strengths. Line strengths were determined
for 22 of the transitions observed in the low-temperature axial
absorption spectra of YbEuDPA. Each of these transitions
originates from the A"Fo) groundlevel of Ei#*, and they alll
terminate on excited crystal-field levels of E symmetry. The
wherek =2, 4, 6; = 2, 3,4, 6, 7, 8] = 0, 2, 4; and each of line strengths were determined from absorbance data according

the interaction operators and parameters is written and defined!© 69 1 and the @scussmn that. foII.ows gq 1

according to conventional practié3! Defined according to Direct calculations ofmagnetic-dipoleline strengths were

eq 3, theH, operator contains 20 parameters (includig). performed for both the A— A, and A — E components of

Implicit in these parameters are the radial-coordinate-dependenthe "Fo — °D(3): transition manifoldandfor both the A — Ay

parts of the interactions representedin and E— A, components of théF; — 5Q(3)0 transition manlfold..
The even-parity crystal-field Hamiltoniafi;, is defined to The crystal-field state vectors required for these calculations

reflect the D3 site symmetry of E¥ in YbEUDPA and is were obtained as eigenvectors of the model Hamiltont#n (
expressed here as derived from the energy-level analysis described in the preceding

section of this paper. These state vectors were used to evaluate
@) the relevant magnetic-dipole transition moments and line
strengths.

H,=E, + Zkak + ol (L + 1)+ BG(G,) + yG(R) +

zTifi + ésd&so+ Zpkﬁk + zMjm (3)
1 I

A= Zsmkég?
,m

wherek = 2, 4, 6;m = 0, +3, +6 (with [m| < K); C®, is an Results and Discussion
intraconfigurational spherical-tensor operator of rkakd order
m; and theBX are crystal-field interaction parameters. T
parameters in eq 4 are interrelated accordingBtgX =
(—1)™B.¥, and, therefore, this equation contains only six
independenparameters.

Our energy-level calculations were carried out in two steps.
In the first step the atomic Hamiltonian was diagonalized within
thecomplete senf fSSMLM, angular-momentum states (a total
of 3003 states), with the parametersHf fixed at the values
reported previously for B in Nag[Eu(oda}]-2NaClQ-6H,0.

The 272 lowest-energyf[iSL]JM, intermediate-coupled states
derived from this calculation were then used as the basis set in
our calculations of crystal-field energy-level structure. In these
latter calculations, theompletemodel Hamiltonian i = H,

+ H;’f) was diagonalized within thé[fSL]IM; basis, with 16 of

the 26 parameters iHl treated as variables to fit calculated
energy levels to experimentally observed energy-level data. Both
the energies and symmetries of crystal-field levels were
considered in performing these parametric data fits.

Crystal-Field Energy Levels. The energy levels located and
assigned from our low-temperature optical absorption and
emission measurements on single crystals of YbEuDPA are
shown in Table 2, along with a listing of athlculatedenergy
levels between 0 and 33 200 cin The levels are characterized
with respect to their principaPStiL-term and J-multiplet
parentages, their crystal-field symmetry labEI=£ A;, A, or
E) in the D3 point group, and their observed and/or calculated
energies. The calculated levels listed in Table 2 were obtained
using the Hamiltonian parameter values shown in Table 3. The
latter were derived from parametric fits of calculated-to-observed
energy-level data, following the procedures described earlier.
The number of observed levels included in these data fits was
52, and the number of Hamiltonian parameters allowed to freely
vary in performing the data fits was 16. Thé? and M*
parameters and thB* and P® parameters were constrained
according to the relationships shown in Table 3. The three-
body configuration-interaction parametdigi = 2, 3, 4, 6, 7,

8) were held fixed at the values shown in Table 3 (inside square
brackets). The empirical data set was not sufficient to support
a meaningful exploration of th& parts of the overall Hamil-
tonian parameter space.

(30) Crosswhite, H. M.; Crosswhite, H. Opt. Soc. Am. B984 1, 246.
(31) Carnall, W. T.; Goodman, G. L.; Rajnak, K.; Rana, RJSChem.
Phys.1989 90, 3443.
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Table 4. Comparison of Crystal-Field Interaction Parameters
Reported for E# in Four Crystal Systems Having Trigonal Site
Symmetries

parameter YbEUDPAD3)? EUODA(D3)¢ EUESCan)? Ewt:LaCls (Can)®

Bo? —272 67 118 193
Bo* —103 —839 —531 —296
Bs* —433 —692

Bo® —483 —322 —574 —818
Bs® —1072 —810

Be® —812 —591 600 521
S 122 30 53 86
St 207 430 177 99
S 544 403 284 305
Set 343 341 196 192

aThe By crystal-field parameters are defined according to eq 4 in
the text. TheS& andS; crystal-field strengttparameters are defined
according to egs 5 and 6 in the text. All parameter values are expresse
in units of cnT™. ® From present worké From ref 5 and J. Quagliano
(University of Virginia), unpublished results. EuUOBANag[Eu(oda)]-
2NaClQ»6H,0. 9 From ref 34. EUES= [Eu(H,0)o)(CHsSO, )3 =
europium nonahydrate tris(ethyl sulfaté}-rom ref 35.

The calculated results shown in Table 2 span the 30 lowest-

energy BLJ multiplet manifolds of 4f(Eu3"), and 21 of these
multiplet manifolds are represented among the 52 crystal-field

levels that were located and assigned from experiment. The

3P(6), 5F(2), and °F(2), multiplet manifolds are located at
energies > 32000 cm! (above ground), and absorptive
transitions to these manifolds are obscured by broad and intens
ligand absorption bands. Transitions to ti&(3)s, 5Lg, 5L,
SL1o, °H(1)s, and®H(1); multiplet manifolds are observed in
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Table 5. Unpolarized Axial Line Strengths Determined for
Absorptive Transitions Originating from the Ground Crystal-Field
Level, A; ("Fo), of EU** in Hexagonal

Nag[Ybo osE W of(dpa}]-NaClO,- 10H,0

excited level

no. multiplet r lemt axial line strength
36 5D(3), E 18 951 0.6
37 D(3). E 21397 0.2
39 5D(3). E 21433 7.6
46 5Le E 24930 12.4
52 5L E 25189 79.8
54 5L, E 25926 0.5
58 5L, E 26 060 11
63 5L, E 26 163 0.3
66 5G(3)% E 26 318 1.7
67 5G(3) E 26 355 17
d 68 5G(3), E 26 392 0.5
74 5G(3% E 26 493 11
79 5G(3)% E 26 540 10.8
81 5G(3)% E 26 563 4.6
83 5G(3% E 26 576 3.7
89 5G(3) E 26 655 15
108 D(3)s E 27551 2.0
110 5D(3), E 27 561 2.2
158 SH(1)s E 31283 22.2
164 5H(1)s E 31386 15.2
168 SH(1)s E 31458 10.6
171 5H(1)s E 31520 4.2

aldentified according to the level-numbering and labeling scheme
Ssed in Table 20 Observed wavenumber (corrected to vacuum) of the
absorptive transitiorf. Line strength determined according to eq 1 of
the text, assuming a Eticoncentration of 0.0962 M. Expressed in

the absorption spectra, but they are too weak to permit accurateunits of 10 D/y; (see discussion following eq 1 in the text).
characterizations of energy-level structure. The weakness of

these transitions conforms to predictions baseddselection
rules for both electric- and magnetic-dipole optical processes.
For transitions that originate from tREo(ground level of EG,
these selection rules ae] = 2, 4, or 6 for electric-dipole
processes andJ = 1 for magnetic-dipole processes.
Hamiltonian Parameters. In Table 4, we show a compari-
son of the crystal-field interaction parameters determined for
Ewt in four different trigonally symmetric systems. All of the
crystal-field parametersB(¥) given in Table 4 are defined
according to eq 4, with spherical-tensor normalization properties.
Note, however, that thBs* and Bs® parameters vanish i@,
site symmetry. Also shown in Table 4 are thgystal-field
strengthparameters determined for Euin each of the host
systems. These parameters are defined in terms oBghe
interaction parameters according to

1/2
) + 220|Bmk|2])
m>

S = [%Z(SC#)Z] v

sf=-1 (@ ©)
tolk+10 0

(6)

These strength parameters provide a measure of the extent t
which the non-spherically symmetric components of the crystal-
field interactions inducé-level mixings and shift the baricenter
energies ofl-multiplet manifolds?233
In each of the systems represented in Table % Bue located

at 9-coordinate sites of trigonal symmetry, and in each system
the coordination polyhedron formed by the nine ligand donor
atoms about each Etiion has a slightly distorted tricapped

(32) Leavitt, R. PJ. Chem. Phys1982 77, 1661.

(33) Chang, N. C.; Gruber, J. B.; Leavitt, R. P.; Morrison, CJAChem.
Phys.1982 76, 3877.

(34) Hammond, R. M. Ph.D. Dissertation, University of Virginia, 1988.

(35) Jayasankar, C. K.; Reid, M. F.; Richardson, FJSLess-Common
Met. 1989 148 289.

trigonal prism structure. The Etrdonor atom coordination
clusters in the respective systems are3'fl™)q in ELP™:LaClg;
EU?‘+(O)9 in EUES= [Eu(H20)q](C2H5SOy)3; ELI"S+(O_)5(O)3 in
EUODA; and E&"(O7)s(N)3 in YbEUDPA. In both EUODA
and YbEuUDPA, the negatively-charged oxygen donor atoms are
from ligand carboxylate groups and they are located at the
vertices of the trigonal prismatic coordination polyhedron. The
equatorial (prism-capping) coordination sites in EUODA are
occupied by ether oxygen atoms (fronCH,OCH,— ligand
groups), and in YbEuDPA these coordination sites are occupied
by pyridyl nitrogen atoms.

The results shown in Table 4 reveal striking differences
between the 4f-electron/crystal-field interactions that contribute
to the 4f(EUE) electronic energy-level structures in YoEuDPA
and EUODA. This is apparent from the significant differences
between thd* (and $¢) parameter sets determined for these
two systems. We note, however, that therall (total) crystal-
field strength parametegy, is essentially identical for the two
systems. This implies that the substitution of pyridyl for ether
moieties in the three equatorial coordination sites abodt Eu
produces significant changes in tlamisotropiesof the 4f-
electron/ligand-field interactions but does not alter dherall
dnteraction strengths The baricenter energies of the EuHo-
[SJ multiplet manifolds in YDEUDPA are essentially identical
to those in EuODA, but the orderings and splittings of the
crystal-field (Stark) levelswithin these manifolds are quite
different in the two systems.

Absorption Line Strengths. The transition line strengths
determined from our low-temperature axial absorption measure-
ments on YbEuUDPA are given in Table 5. Over flig —
25t 5 (excited multiplet) transition regions surveyed in these
measurements, which covered the 17-682 000 cnt? spectral
range, the most intense absorption lines were observed in the
“Fo — 5L and "Fp — 5H(1)4 56 transition manifolds. This is
similar to the findings reported previously for EuODA.
However, where line-by-line comparisons are possible, it is
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Figure 2. Spectra obtained from linearly polarized, orthoaxial emission Figure 3. Spectra obtained from linearly polarized, orthoaxial emission
measurements in thé;, <— 5D(3) transition region of E# in
hexagonal NgYbo.eEw odpa)]-NaClO10H,0 at 77 K. The sum

(I + 1,) and difference Ig — |,) intensity scales are expressed in
identical, but arbitrarily chosen, units. See text for a description of the identical, but arbitrarily chosen, units. See text for a description of the
line-numbering scheme.

measurements in thé;, — 5D(3)y transition region of E¥ in
hexagonal NgYbo.esEW of(dpa)]-NaClO,;-10H,O at 77 K. The sum
(I + 1,) and difference I — 1,) intensity scales are expressed in

line-numbering scheme.

observed that the 4f 4f transition intensities in YbEuDPA
are generally somewhat stronger than those in EUODA. This
applies to essentially all of the predominanéiectric-dipole
transitions, but not to the predominantiyagnetic-dipole’F,
—5D(3), transitions. The latter show comparable line intensities
in YbEuDPA and EuODA.

The axial line strength determined for the A E component
of the "Fo — 5D(3); transition in YbEUDPA is 0.6< 1076 D2
This experimentally observed line strength is reasonably well-
predicted by direct calculations that assume a pure magnetic-
dipole transition mechanism. The line strength obtained from
these direct calculations is 0.36 107 D2,

The line-strength values given in Table 5 were determined

Iz -Ip
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700

7 5
F56«

=]
from absorbance data according to eq 1, with the concentration ¥ . 19
of EL3* in our YbEUDPA crystal samples assumed to be 0.0962 L 300
mol/L. This assumed concentration ofEworresponds to that 200 w
expected for crystals of stoichiometric formuladNébo osEWo 05 100 22 B

(dpa}]-NaClOy-10H,0O, which, in turn, reflects the mole percent
ratio of Yb*™ to EW?" in the crystal-growth solution. As was
discussed earlier in the paper, thetual concentration of EXf
ions in the crystal samples is estimated to be with20% of
th%g’gﬁfj dmé)#%s;?c:zesl;)sei?r;n g;gulrl‘g: Sztrzngggvsa;;ggﬂgns' measurements in thé&se — SD(3), transition region of E¥ in
. . . L hexagonal NgYbg esEU) of(dpa)]-NaClO10H,0 at 77 K. The sum

obtained from linearly polarized emission measurements per-(_ 4| ) and difference I — 1,) intensity scales are expressed in
formed on single crystals of YoEUDPA at 77 K. These spectra identical, but arbitrarily chosen, units. See text from a description of
span the'F;(J=0—6) — 5D(3), transition regions of B, and the line-numbering scheme.
the peak (or line) numbers shown in these spectra identify the
terminal crystal-field levels involved in individual transitions locations and polarization properties of transitions. However,
(see Table 2 for the energy-level numbering scheme). Thethe detection limits achievable in the emission excitation
locations and polarization properties observed for a subset ofexperiments are somewhat superior to those in the direct
the emission lines are given in Table 6. absorption measurements, and a few more lines are observed

Note from the spectra shown in Figure 2 that no emission in the emission excitation spectra. Most of the “extra” lines
lines are observed in théFy <— 5D(3), transition region observed in the excitation spectra correspond to very waak
(predicted to be located near 580 nm). This conforms with the phononvibronic transitions with well-defined origins. However,
electric- and magnetic-dipole selection rules given in Table 1 a few A, — A; type origin transitions also appear when the
for an A, — A type transition in Eu(dpaj~ complexes that excitation spectra measurements are pushed to the detection
have trigonal-dihedrall{s) symmetry. limits of our instrumentation. This is illustrated in Figure 5,

Emission Excitation Spectra. The emission excitation  where an excitation scan through tHe& — 5D(3), transition
spectra of YbEUDPA generally mimic the spectra obtained from region of E&" is shown. The spectrum in Figure 5 was obtained
direct optical absorption measurements with respect to both thewith laser excitation along the-axis of a YbEuDPA crystal

740 760 780 800 820
Wavelength(nm)

Figure 4. Spectra obtained from linearly polarized, orthoaxial emission
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Table 6. Polarizations of Emission Lines Observed in the energy-level structures in the two (crystalline and solution)
Fy(J=1,2,3,4)— 5Dy Transition Regions of Ed in Hexagonal media. Furthermore, the relative intensities observed among
Nag[Ybo osE U o5(dpa)]-NaClOy- 10H,0 the differentJ-multiplet-to-J-multiplet transition manifolds (in
terminal levet the emission and excitation spectra) are essentially identical for
no. multiplet T et pe Eu(dpa)*~ in YbEUDPA and in solution. Comparisons of
> = A 16869 062 relatl_ve line mte_nsmewnhln J-muluplet-tod-mulnplet transition
3 7Fi £ 16 794 —0.57 manifolds also indicate that the optical properties of_Eu(ﬁpa)
4 = E 16 206 0.49 are essentially the same in YbEuDPA and in solution.
6 R, E 16 109 0.50 In the’F; < 5D(3) emission region of Eu(dps) in aqueous
7 Fs Az 15370 —0.57 solution, the E— A; and A <— A; transition components exhibit
9 s Az 15328 0.23 an intensity ratio of 2.3. This observed ratio is reasonably close
ig 7E4 E ﬂ ggg 7004%9 to that predicted, 2.0, from direct calculations based on the
4 2 . a .
14 F, E 14 358 0.29 crystal-field state vectors derived from our YpEuDPA energy-
16 7, E 14 185 0.29 level analysis. In the’Fo — 5D(3); excitation region of

Eu(dpa)®-, the calculations predict an intensity ratio of 1.4 for
the Ay — E versus A — A, component transitions, which may
be compared to an observed ratio of 1.5.

a |dentified according to the level-numbering and labeling scheme
used in Table 2. In all cases, the emitting level is™o). ® Observed
wavenumber (corrected to vacuum) of the emissive transitidran-

sition polarization defined b = (I, — 1.)/(1, + 1), wherel, andl, ~ Finally, we note that thehiroptical properties of EU(dP@T
denoteco-polarized andr polarized emission intensities obtained in  in solution may be studied by using a combination of circularly
orthoaxial spectral measurements. polarized excitatiomndemission measurement techniqée®.2”

In these studies, circularly polarized light is used to preferentially
excite either the\ or A enantiomeric forms of Eu(dps), and

F,— D, circularly polarized emission is then observed from the resulting
Excitation Spectra nonracemic excited-state population of complexes. In principle,
these same circularly polarized excitation/emission measurement
techniques should be applicable to the racemic mixture-&iu-
(dpa)®~ and A-Eu(dpa)®~ complexes present in YoEuDPA.
1+313em’! However, so far we have not been able to observe any circularly

'S
<
I

w
<

Intensity (arb. units)

20 -
1+ 165 e’ polarized emission from YbEuDPA samples excited with
o | circularly polarized light. One possible explanation for this is
that excited-state energy-transfer processes betweéiu-
L (dpa)®~ and A-Eu(dpa)®~ complexes in the crystal samples
0 : ; , are fast on the®Dy emission time scale. However, this
57205 5750 5715 580.0 explanation seems unlikely given the low concentration levels
Wavelength(nm) of EW* in our YbEuDPA= Nag[Ybo,ngUo_oddpak]'NaC|O4'-
Figure 5. Emission excitation spectrum in thg, — 5D(3), transition 10H20 crystal sample§. It remains unclear why a nonracemic
region of E4* in hexagonal NgYbo e o.dpa)]-NaClOs 10H,0 at excited-state population of Eu(dg&) complexes cannot be
77 K. Emission intensity was monitored at 617 nm. detected in YbEuDPA samples excited with circularly polarized
light.

sample (at 77 K), and with sample emission intensity monitored ~,,1usion

at 617 nm. The very sharp line located at 581.5 nm (and labeled ) o ) )

as 1) in the/Fo — 5D(3)o excitation spectrum is assigned to the In this study,_ a comblna_no_n of polarized and unpolarized
erstwhile A — A; electronic origin transition, and the remaining OPtical absorption and emission measurements were used to
lines and spectral features are assigned to one-phonon vibronidocaté and assign 52 of the crystal-field energy levels split out
transitions. The latter are located at the following wavenumber ©f the 4P(EW*") electronic configuration in tris(dipicolinate)-
displacements from the origin line: 100, 110, 119, 131, 165, europium(lll) complexes. The energy-le\{el data obtained from
175, 183, 213, and 313 cth Note from Figure 5 that the total these measurements were analyzed in terms of a model

integrated intensity of the vibronic transitions is considerably Hami_ltonian constructed to represent the major interactio_ns that
greater than that of the electronic origin transition. contribute to the 4f electronic state structure of Euin

Detection of the’F, — 5D(3), origin transition in the Eu(d_pa)_3‘. This_ analysis yielded intgractior_l parameters that
excitation spectrum of YbEUDPA indicates at least some small Provide information about both the anisotropies and the overall
distortion of the E&* sites away from exact trigonal-dihedral strength of the contrl_butlng 4f-electr9n/llgan_d-f|eld interactions,
(D3) symmetry. However, evidence for this distortion appears and the values obtained f_or these interaction parameters were
only in the excitation spectra, and it is clear teither the compared to those determined for3Em several other systems.
distortion is very slighor the number of distorted sites is very ~OPtical line strengths were determined for 22 of the Stark-level-
small. The direct absorption and emission spectra measurementto-Stark-level transitions observed in the low-temperature axial
performed on YbEUDPA do not reveal any detectable deviations 20S0rption spectra of Eu(dgd) in single crystals of NeiYboes
from theDs-symmetry-based selection rules shown in Table 1. Eto.odpa}]-NaClOp10H0. o

Comparisons between Single-Crystal and Solution-Phase Comparisons between the results obtained in the present study
Results. Both optical excitation and emission measurements and those reported in previous work indicate that tie=4f")
have been reported in the literature for Eu(dpagomplexes  €lectronic energy-level structure of Eu(dgfa)in Nag[Ybo o
in neutral aqueous solution at room temperat#fe’ The Eto.ofdpa}]-NaClQ,- 10H,0 is essentially identical to that of
solution-phase emission measurements spanned all dFghe  Eu(dpaj®” in neutral aqueous solution.
<~ 5D(3), transition regions examined in the present study, but
the excitation spectra measurements were confined & National Science Foundation (NSF Grant CHE-9213473 to
— 5D(3)o.1 2transition regions. Comparisons between the room- F.SR)
temperature spectra obtained for Eu(dpa)n YbEuDPA and s
in aqueous solution indicate essentially identical(Bft) IC951524G
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