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Polarized Optical Absorption and Emission Spectra and the Electronic Energy-Level
Structure of Th(dpa)s®~ Complexes in Na[Yb.gsTbo os(dpa)s]-NaClO410H,O"
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Polarized optical absorption and emission measurements are used to locate and assign 60 crystal-field energy
levels split out of the 4felectronic configuration of T in single crystals of NgYbg ¢sTho o5dpa)]-NaClQy 10H:0

(where dpa= dipicolinate dianion= 2,6-pyridinedicarboxylate). In these crystals, eachTibn is coordinated

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

(D3) symmetry. The combined optical absorption and emission measurements provide access to the energy-level
structures of the 17 lowest-energ\P[4L]J multiplet manifolds of TB", and all of these multiplet manifolds are
represented among the 60 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 oflifletveen 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 Th(dg&) complexes. In addition to energy-level data, the polarized emission
measurements performed in this study yield information about the relative electric- and magnetic-dipole mechanistic
contributions to emission line intensities in the(J=0—6) < 3D(3), transition regions of Th(dpg), and this
information is used to help rationalize the observed chiroptical luminescence properties of enantiomerically resolved
Th(dpa}?*~ complexes in solution.

Introduction large part, to thenixedelectric-andmagnetic-dipole interaction

. i . i mechanisms that contribute to many of the transitions observed

In this paper we report polarized optical absorption and iy, the apsorption and emission spectra of Th(gfpa) In several

emission measurements on tris(dipicolinate) coordination com- yansition regions, line polarization data are of only limited value
plexes of terbium(lll) in single crystals diexagonalNae- in making transition assignments (based on symmetry consid-
[Ybo.o5Tbo of(dpa)]-NaClOy- 10H,O (where dpa= dipicolinate erations).
dianion= 2,6-pyridinedicarboxylate). The results obtained from The stereochemical properties of Ln(dgga)complexes and
these measurements permit the location and assignment of 6Qhe crystallographic structure of hexagonal sN#(dpa)]-

crys'gal-field Igvels split out of the 17 Iov_\/est-er!ergsl__IJ NaClOs-10H,0 host crystals have been described in earlier
multiplet manifolds of the #(Th*") electronic configuration. /413 204 will be reviewed only briefly here. The Ln(dg#)

These energy-lgvel datg are sufficien.t to support an anaIYSiS Ofcomplexes have tris-terdentate chelate structures in which each
the crystal-field interactions that contribute to thé diectronic dpa ligand is coordinated to Eh via two carboxylate oxygen
state structure of T in T_b(dpa)?* complexes, _and the donor atoms and a pyridyl nitrogen atom. The Lh@
mteracuog pz;rarrlnete:js derived 4 l;rom ;hlsLanalyss are then .o rdination polyhedron has a slightly distorted tricapped
compared with those determined for other Ln(dpakystems.  yioonal prism structure in which oxygen atoms are located at
Both the optical measurements and energy-level analysesthe apices of the trigonal prism and nitrogen atoms are in
reported here for Th(dpg) are in kind similar to those reported capping positions. Each of the bicyclic chelate rings in a

previously for Dy(dpay’~ and Eu(dpa§~ complexes in crystal- | n(dpa)?®~ complex has a 2-fold symmetry axis that coincides
line COfTIIOOUHdS1 gf stoichiometric formulas §¥éb:-.Lny(dpa)]- with a Ln—N coordination axis, and taken together, the chelate
NaClQOy10H,0.12 In our previous work on Dy(dpg) , a total rings form a three-bladed propeller-like structure of trigonal-

of 91 crystal-field levels were located and assigned from a gihedral Ds) symmetry. This structure is chiral, with a
combination of optical absorption and emission measurements, handedness that reflects the screw sense (or helicity) of the three-
and in our previous work on Eu(dpd), a total of 52 crystal-  pjaded propeller assembly. The two enantiomeric forms of this
field levels were located and assigrfedBoth the absorption  gtrycture are generally labeledAasandA. In theA enantiomer,

and emission spectra of Tb(dg&) show line structure thatis e propeller assembly hagedt-handedscrew sense about its
somewhat more difficult to characterize and assign than that 3_fg|q symmetry axis, and in thA enantiomer, the propeller
observed for either Dy(dpg®) or Eu(dpa*~. This is due, in assembly has dght-handedscrew sense about this axis. In
aqueous solution, Ln(dp#) complexes exist as a racemic

* Author to whom correspondence should be addressed. mixture of rapidly interconverting/\-Ln(dpa)F‘ and A-Ln-

T dpa= dipicolinate dianion (2,6-pyridinedicarboxylate). 3— ; ; _
® Abstract published ifAdvance ACS Abstract#ugust 1, 1996. (dpa enantiomers, and they also crystallize as,A race
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mates® The chirality-related stereochemical properties of helium refrigerator/cryostat. However, a repeat of these experiments
Ln(dpa}*~ complexes have been exploited extensively in studies With unprotected crystal samples yielded essentially identical results,
of chiral recognition processes in solution media. Among these @nd the crystals showed no signs of deterioration during multiple up-
complexes, Th(dpag)~ has been used most frequently in studies and-down temperature changes (betwean10 and 293 K) in the
based on luminescence measurement technifues. cryostat.

. Optical Absorption Measurements All absorption spectra were
The Na[Yb(dpa)]-NaClQ;- 10H,0 host crystals used in the obtained with a Cary Model 2415 UWis-near-IR spectrophotometer.

present study have hexagonal symmetry (space gr6Rpwith A CTI-Cryogenics closed-cycle helium refrigerator/cryostat, controlled

Z = 2)2 and they can accommodate Th(da)or Yb(dpa)*- by a Lake Shore Cryotronics temperature-controller (Model DRC-70),

substitutions without any apparent changes in crystallographic was used to achieve a cold-head temperature of 10 K. Absorption
structure so long as the TWYb3" concentration ratio is<0.1. spectra were recorded over the 3@D0 nm wavelength range.

Each of the crystal samples used in the present study wasUnpolarized axial ands- and s-polarized orthoaxial spectra were
prepared from a solution that contained a 95:5 mole percent measured for YoTbDPA crystals. The orthoaxial spectral measurements

ratio of YB3 to Tb. were taken by fitting a linear polarizing element into the spectropho-
tometer.
Experimental Methods Optical Emission Measurements Optical emission spectra were

measured using instrumentation constructed in this laboratory. An

Compound and Crystal Sample Preparation Hexagonal crystals argon-ion laser was used as an excitation source; sample luminescence
of Nag[Yb;_«Thy(dpa)]-NaClO-10H,0 were grown from aqueous  was dispersed with a 0.75 m double-grating monochromator; and
solution following procedures closely similar to those used by Alberts- luminescence intensity was measured using photon-counting techniques.
sorf in the preparation of hexagonal §ffdb(dpa)]-NaClQy-10H,0 and In all experiments, sample excitation was along the same direction as
essentially identical with those used in our previously repérted emission detection. Two different optical cryostats were used to control
preparation of NgYb;_Eu(dpa}]-NaClO-10H,0 crystals. The sample temperature in the emission experiments. A liquid-nitrogen-
mother solution contained 0.95:0.05:3.00 molar ratios of ytterbium cooled cryostat was used in experiments carried out at 77 K. A closed-
perchlorateto terbium perchloratéo disodium dipicolinate, and the cycle helium refrigerator was used in experiments carried out at crystal
solution was approximately pH 7.5. Morphologically well-defined surface temperatures of 10 K, and a continuous-flow liquid-helium
hexagonal crystals developed from the solution, at room temperature,cooling system was used in experiments carried out at surface
over a period of weeks, and the crystals harvested for optical studiestemperatures of 5 K. Analysis of the relative line intensities in these
were typically well-formed hexagonal plates @i 1 mm thickness. low-temperature experiments indicated that the internal temperature of
The crystals showed no signs of deterioration during storage under the crystal waga. 20 K. Single-crystals of YbTbDPA were mounted
ordinary laboratory atmospheric conditions, and their optical properties with their unique (optic) axis aligned either parallel or perpendicular
remained unchanged over periods of months after their removal from to the direction of emission detection.
the mother solution. For the hexagonal YbTbDPA crystals examined in this study,

No attempts were made to determine the exact mole percent ratio emission measured along the crystallograghéxis (i.e., unique axis)
of Yb3* to Th*" ions in the crystals harvested for optical studies, but is unpolarized, and no polarizing (or analyzing) optical elements were
following arguments similar to those presented in our previous work used in our axial emission experiments. However, emission measured
on Na[Yb;_xEu(dpa)]-NaClQ; 10H,0 crystals? it is reasonable to along a direction that iperpendicularto the crystallographic-axis
assume that this ratio is close to that of the crystal-growth mother (as in our orthoaxial spectral measurements) can exhibit at least some
solution {.e., 95:5). Hereafter, we will use the notation YoTbDPA in  degree of linear polarization. In our orthoaxial emission experiments,
referring to the crystals examined in our optical experiments and assumethe sample luminescence was analyzed in terms of intensity components
that the composition of these crystals corresponds closely to the polarized perpendiculan} and parallel £) to the crystat-axis. This
stoichiometric formula N&tYbg ¢sTbg o5(dpa)]-NaClO, 10H0. was done by using a dynamic photoelastic (polarization) modulator

The YbTbDPA crystals used in our optical absorption and emission that alternately transmittest andz-polarized luminescence intensities
experiments were attached to a one-piece copper mount with Cryconto the emission detection unit of our spectrophotometer. The photo-
grease and indium foil, and the copper mount was attached to the coldelastic modulator (PEM) was a Hinds International Model PEM-80,
head of a closed-cycle helium refrigerator/cryostat, with strips of indium Operated at a modulation frequencyaaf. 100 kHz.
providing a thermally conductive interface. The crystal samples were Al of the luminescence observed in our experiments originates from
attached to the copper mount with their unique (optic) axis aligned the ®D(3)s multiplet manifold of TH" (centered ata. 20 475 cm*
either parallel or perpendicular to the direction of light propagation in above ground). The energy gap between this multiplet and the next
the optical absorption experiments and the direction of excitation and lower-energy multipleto) is ca. 14 710 cm?, which is many times
emission detection in the optical emission experiments. Paralle| larger than any lattice phonon or molecular vibrational energies in the
alignment of the unique axis and the direction of light propagation is YbTbDPA crystals. Therefore, nonradiative decay processé{8)s
referred to here as aaxial orientation. Perpendicular alignment of —are slow, and this multiplet exhibits a strong luminescence. In this
the unique axis and the direction of light propagation is referred to as Study, we measured luminescence spectra throughotieike °D(3)s
an orthoaxial orientation. (whered =0, 1, 2, 3, 4, 5, 6) transition regions. For thg — 5D(3)s

In our initial optical experiments, the crystal samples were lightly (whereJ= 0-5) transition regions, the luminescence was excited with
coated with Crycon grease to inhibit their possible deterioration (via the 488.0 nm line of an argon-ion laser, which correspond§go~

efflorescence) under the high-vacuum conditions in the closed-cycle *D(3)s excitation. The luminescence of thEs — D(3)s transition
region was excited with UV lines (wavelength range of 38364 nm)

of an argon-ion laser.
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Table 1. Calculated and Experimentally Observed Crystal-Field Energy Levels 8f ifltHexagonal NgYbg gsTho o5 (dpa}]-NaClOy10H0

energy (cnm?) energy (cnm?)
level no. term Ja e calc¢ expt A® level no. term J re cale expt A®

1 F 6 Aq 0 0 0 57 5L 10 Al 26 907 nd

2 F 6 E 17 15 2 58 5L 10 Az 27 028 nd

3 F 6 E 59 61 -2 59 5L 10 E 27 029 nd

4 F 6 Aq 100 nd 60 5L 10 E 27 037 nd

5 F 6 As 108 100 8 61 5L 10 E 27 054 nd

6 F 6 Aq 132 nd 62 5L 10 Az 27075 27 069 6

7 F 6 E 141 nd 63 5L 10 Al 27076 nd

8 F 6 Ay 144 nd 64 5L 10 A 27 120 nd

9 F 6 E 153 161 -8 65 5L 10 E 27 127 27 117 10
10 F 5 Aq 1985 1993 -8 66 5L 10 E 27 155 27 156 -1
11 F 5 E 2030 2034 -4 67 5L 10 Al 27 170 nd
12 F 5 A, 2079 2091 —12 68 5G (3) 5 E 27 694 nd
13 F 5 E 2096 2107 -11 69 5G (3) 5 A 27704 nd
14 F 5 E 2170 2183 -—13 70 5G (3) 5 E 27705 nd
15 F 5 E 2270 2268 2 71 5G (3) 5 a% 27707 27714 =7
16 F 5 As 2282 2287 -5 72 5G (3) 5 E 27722 nd
17 F 4 Ay 3195 3195 0 73 5G (3) 5 A 27 806 27827 21
18 F 4 E 3308 3297 11 74 5G (3) 5 E 27 822 27844 —22
19 F 4 Ay 3 366 3364 2 75 5D (3) 2 E 28 084 28 091 -7
20 F 4 E 3433 3423 10 76 D (3) 2 A 28 091 nd
21 F 4 Ay 3465 3461 4 77 D (3) 2 E 28112 28123 -11
22 F 4 E 3591 3590 1 78 5G (2) 4 E 28 196 28 192 4
23 F 30A 4328 4319 9 79 5G (2) 4 A 28202 nd
24 F 3 E 4352 4 349 3 80 5G (2) 4 A 28 220 28 217 3
25 F 3 E 4 407 4 396 11 81 5G (2) 4 E 28 233 nd
26 F 3 Ay 4418 4416 2 82 5G (2) 4 A 28 238 nd
27 F 3 A, 4451 4 450 1 83 5G (2) 4 E 28 284 28 271 13
28 F 2 E 5026 5008 18 84 5L 9 E 28 366 nd
29 F 2 As 5044 nd 85 5L 9 A, 28 367 nd
30 F 2 E 5097 5105 -8 86 5L 9 E 28 393 nd
31 F 1 E 5485 5475 10 87 5L 9 Az 28 417 nd
32 F 1 Ay 5529 5530 -1 88 5L 9 A 28 452 nd
33 F 0 Aq 5716 5739 —-23 89 5L 9 E 28479 28 486 -7
34 D(3) 4 Ay 20 446 20 450 -4 90 5L 9 A, 28 498 nd
35 D(3) 4 E 20 462 20461 1 91 5L 9 E 28 510 28 506 4
36 D(3) 4 Ay 20476 20 482 -6 92 5L 9 A, 28514 nd
37 D(3) 4 E 20 477 20474 3 93 5L 9 E 28529 nd
38 D(3) 4 A 20479 nd 94 5L 9 A, 28532 nd
39 D(3) 4 E 20 507 20503 4 95 5L 9 E 28 559 28 563 -4
40 D(3) 3 A 26 059 nd 96 5L 9 A, 28571 nd
41 D(3) 3 E 26 152 26163 —11 97 5G (2) 3 A 28 877 28871 6
42 D(3) 3 A 26 188 nd 98 5G (2) 3 E 28912 28919 -7
43 D(3) 3 E 26 206 26 180 26 99 5G (2) 3 E 28935 nd
44 D(3) 3 As 26 217 26 207 10 100 5G (2) 3 A 28935 nd
45 5G(3) 6 E 26 245 26 243 2 101 5G (2) 3 A 28999 nd
46 5G(3) 6 A 26 267 nd 102 5L 8 E 29132 29135 -3
47 5G(3) 6 A 26 302 nd 103 5L 8 A, 29155 nd
48 5G(3) 6 E 26 303 26 291 12 104 5L 8 E 29158 nd
49 5G(3) 6 A 26 332 26347 —15 105 5L 8 A 29173 nd
50 5G(3) 6 E 26 387 nd 106 5L 8 A, 29 236 nd
51 5G(3) 6 A 26442 nd 107 5L 8 E 29 244 nd
52 5G(3) 6 A 26 443 26 446 -3 108 5L 8 Aq 29 254 nd
53 5G(3) 6 E 26 511 26 486 25 109 5L 8 E 29271 nd
54 5L 10 Az 26 852 26 843 9 110 5L 8 E 29282 nd
55 5L 10 E 26 858 26869 —11 111 5L 8 Ay 29 302 nd
56 5L 10 E 26 887 nd 112 5L 8 E 29311 nd

a |dentifies theprincipal SLJcomponents of the eigenvectoPsirreducible representation (irrep) labelds point group.© Calculated by using
the Hamiltonian parameter values listed in Tablé Experimentally determined locations of energy levels, wii{dif) to 1A(vacuum) corrections
included. Uncertainties in the energy-level locationsaet3 cnt* (on average). nek not determinedi(e., energy level not fully characterized
with respect to location and/or symmetry type)Difference between calculated and observed energies.

according to the transformation properties of their state vectors this study were analyzed in terms of a model Hamiltonian that
under the symmetry operations of tBg point group. These has precisely the same form as that used in our previous work
transformation properties are specified by the three irreducible on Eu(dpay*~ (see eqs 24 of ref 2.). This Hamiltonian
representations (irreps) containeddg which are denoted here  assume®j; crystal-field symmetry, and it is defined to operate
by A1, A, and E. Transitionbetweercrystal-field levels are entirely within the 4 electronic configuration of 9. The
classified into six symmetry types: 14> A1; A1 < Ay Ay < Hamiltonian includes 26 interaction terms, 20 of which represent
Ao AL < E; A, < E; and E< E. Electric- and magnetic-  spherically symmetric interactions that are largely responsible
dipole selection rules for each of these transition types are for the 25*1L(term) and 2StILj(multipled structure of the
discussed and shown explicitly in ref 2. 4f8(Tb®") electronic configuration. The remaining six terms in
Energy Level Analysis. The energy-level data obtained in  the Hamiltonian represent non-spherically symmetric crystal-
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Table 2. Energy Parameters for the®4Electronic Configuration of Table 3. Comparison of Crystal-Field Interaction Parameters
Tb3" in Hexagonal NgYbo.gsThoog(dpak]-NaClO,- 10H,0 Determined for Ln(dpa}~ Complexes in Single Crystals of
. . = Egt
parameter value cm?t parameter value cm™ _|;|§3>ia%$ngllalllj§[aYbHLnx(dpa);] NaClQ-10HO (Where Ln= Eu,
0
Egv SZ; gggg%) mz gég\(ﬂ%%) parameter YbEUDPA® YbThDPAd YbDyDPAe
F4 65 337(163) M# 0.38v° Bo? —272 —140 —198
F6 43 025(76) P2 [1020] Bo* —103 —325 —394
Gso 1706(2) p* [510] Bs* —433 —365 —643
a 21.3(0.1) pe [102] Bo® —483 —610 —663
B —844(4) By —140(23) B -1072 —611 —431
y 1709(23) Bg* —325(42) Be® —812 —898 —764
T2 [418] Bs —365(35) SP 122 63 89
TS [76] Be? —610(55) S 207 203 330
T™ [79] BsS —611(38) S 544 458 390
Tj [—323] Bg® —898(26) St 343 292 299
; Egg} NE 60 2 All parameter values are given in units of tm® The By crystal-
e 10.0 field parameters are defined according to eq 4 of ref 2. $Heand
S« crystal-field strength parameters are defined according to egs 1 and
a Defined according to egs 3 and 4 in ref®2Determined from 2 in the text.° From ref 2.9 From present worké From ref 1.

parametric fits of the experimentally observed energy-level data listed

in Table 1. The numbers shown in parentheses representuncertaintiesl-he root mean square (rms) deviation between the calculated
in the parameter values and correspond to #hechanges in parameter

values that produce a doubling of thariance obtained in the data ~ @nd observed energies of the 60 assigned Stark levels is 10 cm
fits. The parameter values shown in square brackets were held fixed ~Crystal-Field Interaction Parameters. In Table 3, we show

in performing the data fits. Number of assigned energy levels included a comparison of the crystal-field interaction parameters deter-
in the parametric data fit§. Root mean square deviation between mined for three different Ln(dpg) complexes, wherein L3

calculated and observed energies (&m = EW', Th**, or Dy3*. All of the B,k parameters given in
o ] ] Table 3 are defined according to eq 4 of ref 2, with spherical-
field interactions that can partially remove thel (2 1)-fold tensor normalization properties. Tkgk and Sy crystal-field

degeneracies oJ-multiplets and also mix states of different  gyrengthparameters are defined as follows:
J-multiplet parentage.

As in our previous work on Eu(dps), a parametrized form
of the model Hamiltonian was used in performing the energy- Scfk =
level calculations reported in the present study. The procedures
followed in carrying out these calculations are identical with
those described in ref Zxceptfor the number of parameters St = [1/3Z(Scfk)2] vz (2
used as variables in performing calculated-to-experimental
energy-level data fitsi{de infra).

L[(B 9 +2Y 1B, ” 1)
2k +1 0 mZ{)l m|

The latter parameters provide a measure of the extent to which

Results and Discussion the non-spherically symmetric components of the crystal-field
interactions inducel-level mixings and shift the baricenter
energies ofl-multiplet manifolds’8

The results shown in Table 3 reveal that the anisotropies of
the 4f-electron/crystal-field interactions are quite different in
Eu(dpa)®~, Tb(dpa)®~, and Dy(dpag®~ complexes, although
the overall crystal-field strength%y) is very similar in these

Energy Levels. The energy levels located and assigned from
our optical absorption and emission measurements on single
crystals of YoTbDPA are shown in Table 1, along with a listing
of all calculatedenergy levels between 0 and 29 400¢nThe
levels are characterized with respect to their princfsatL-

f:g:l ?di'mAliltlﬁlft oprarEe)nfﬁgtiZ I;Ze;)ro?r:{ sét?;jlsldaiyén:hm;:ry three systems. These results are rather surprising given the
observed and/inr célculated energies. The calculéted levels liste .ssentially.identical phemical and structural properties of.the
in Table 1 were obtained using the Hamiltonian parameter values igand environment in the three systems. The relative sizes

. : e (ionic radii) of the Li#" ions in these systems fall in the order
shown in Table 2. The latter were derived from parametric fits ('onJ'rC r% ot 2 159 . .
of calculated-to-observed energy-level data. The number of EW*(4F) > Th™(4f) > Dy**(4f), and each of these ions is

observed levels included in these data fits was 60, and thelargerthan the Yd' ions in the Ng[Yb(dpa)]-NaClOy 10H,0

number of Hamiltonian parameters allowed to freely vary in host crystals. It is possible that these differences i lianic

performing the final data fits was 15. The parameter values :fggu%rgiuiifﬁ)ag Ad'gr?(;e\';ggl g';‘f::tlogg Ilg gt]eemrsezelzctta;?
shown inside square brackets in the Table 2 listing were held ' ' y Y y

fixed in carrying out the final data fits. These values were the observed differences in crystal-field interaction anisotropies

arrived at during exploratory data fits in which various subsets are a re_‘flect|0n of these differential distortions. Amang the
of the T and Pk parameters were treated as variables. WRe crystalfield strength parameters, one would ex@ftto be

o AT ) i
andM* parameters were constrained according to the relation- the most sensitive to thehortesirange Ln>"—ligand mterac

2 0 4 _ 0 0 tions, and we note from Table 3 that the values obtained for
ships: M* = 0.56\" andM* = 0.38% with M allowed to this parameter fall in the same order as thé'EdT b3, and
freely vary. The empirical data set was too small and spanned P '

: : . Dy3" ionic radii. We also note from Table 3 that the overall
too few of the 44[SL]J multiplet manifolds to permit a thorough ) . .
exploration of the overall Hamiltonian parameter space. (total) crystal-field strength determined for £un YbEUDPA

. 0 . i
The results shown in Table 1 span the 17 lowest-enesty [ is ca 16% greater than that determined for*Tlin YbTbDPA

v
J multiplet manifolds of 4(Tb®*). These multiplet manifolds 29 for DY'* in YoDyDPA.

include a total of 112 cry_stal-flelql (Stark) levels, 60 of whlc_:h (7) Leavitt, R. P.J. Chem. Phys1982 77, 1661

are both located and assigned with respect to energy, multiplet (g) chang. N. C.: Gruber, J. B.; Leavitt, R. P.; Morrison, C.JAChem.
parentage, and symmetry properties (in ¢ point group). Phys.1982 76, 3877.
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Figure 1. Spectra obtained from linearly polarized, orthoaxial emission
measurements in théFs — 5D(3), transition region of TH in
YbTbDPA. The suml(; + 1) and differencel¢ — 1) emission scales
are expressed in identical, but otherwise arbitrarily chosen, intensity
units. Sample temperature was approximately 20 K. See text for a
description of the peak numbering scheme.

Figure 2. Spectra obtained from linearly polarized, orthoaxial emission
measurements in thér, — 5D(3), transition region of TH" in
YbTbDPA. The suml; + 1) and differencel¢ — |;) emission scales
are expressed in identical, but otherwise arbitrarily chosen, intensity
units. Sample temperature was approximately 20 K. See text for a
description of the peak numbering scheme.

Polarized Emission Spectra. The emission spectra of
Th(dpa}3~ complexes are of considerably greater practical
interest than the absorption spectra of these complexes, and in
this paper we shall only show examples of spectra obtained from
our optical emission measurements. Our emission experiments
included measurements of both unpolarized axial and linearly
(0- ands-) polarized orthoaxial emission spectra of YoToDPA
crystals throughout théF; — 5D(3), transition regions of
Th3*(418), which span the 485690 nm wavelength range. These
measurements permitted the location and assignment of all but } ; }
5 of the 33 crystal-field levels split out of thé=;(J=0—6) 1200 ¢ 24
multiplet manifolds of TB"(4f8). 1000 | 2

Spectra obtained from linearly polarized emission measure- 2
ments performed on single crystals of YbTbDPA at low 800
temperature (approximately 20 K) are shown in Figuregi1
These spectra show sunis { 1,;) and differencesl{ — I,;) of
o- and s-polarized emission intensities measured throughout
the 7F5 ha 5D(3)4, 7F4 s 5D(3)4, 7F3 — 5D(3)4, and 7F0_2 ha 200
5D(3)4 transition regions of TH(4f%). The peak (or line) ok : / N —
numbers shown in the spectra identify teeminalcrystal-field 618 620 622 624 626
levels involved in individual, Stark-level-to-Stark-level transi- Wavelength (nm)
tions (see Table 1 for the energy-level numbering scheme). A Figure 3. Spectra obtained from linearly polarized, orthoaxial emission
single asterisk on a peak number indicates a transition thatmeasurements in thé; < 5D(3), transition region of Th" in
originates from the first E level of th#®(3), emitting multiplet YbTbDPA. The sumli( + 1) and differencel( — 1) emission scales
(level 35 in Table 1), and a double asterisk indicates a transition are expressed in identical, but otherwisg arbitrarily chosen, intensity
that originates from the second E level 3i(3), (level 37 in unlts._S_ampIe temperature was approximately 20 K. See text for a
Table 1). Peak numbergithout asterisks are assigned to description of the peak numbering scheme.

transitions that originate from the lowest crystal-field level of exhibits the stron ecinn i :
. . : gest emission intensity but also the strongest
SD(3)4 (level 34 in Table 1), which hassymmetry. For clarity chiroptical actiity observed among the sevéR, — 5D(3),

of presentation, only a subset of the lines, peaks, and ShouIde.rmultiplet-to-multiplet transition regions of resolved (or partially

fgatures observed in the spectra are given assignment labels ”?esolved) Th(dpa}~ complexes. In luminescence spectroscopy,
Figures 1-4. The appropriate assignment labels for nearly all chiroptical activity refers to the differential emission of left-

the remaining lines and features are easily deduced from o vions circularly-polarized light by chiral luminophoréand
comparisons between the spectra and the energy-level data listeg}, strengthis most commonly expressed in termsevhission
in Table 1. dissymmetry factorgefined bygem(Z) = 2[1 (1) — IrRA)/[IL(2)

In applications of Th(dpaj~ complexes as optically-active, + I(A)], wherel, (1) andIx(1) denote the left (L)- and right
luminescent probes of chirality-dependent interaction processes

in solution, the’Fs — °D(3), transition region (546552 nm) (9) (a) Richardson, F. S.; Riehl, J.@hem. Re. 1977, 77, 773. (b) Riehl,
is of particular interest® This transition region not only J. P.; Richardson, F. £hem. Re. 1986 86, 1.
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Figure 4. Spectra obtained from linearly polarized, orthoaxial emission
measurements in thé&, 10 — D(3), transition regions of T4 in
YbTbDPA. The suml(; + 1) and differencel¢ — 1) emission scales
are expressed in identical, but otherwise arbitrarily chosen, intensity
units. Sample temperature was approximately 20 K. See text for a
description of the peak numbering scheme.

(R)-circularly-polarized components of the emission intensity
observed at a wavelength For most optically-active lumi-
nophores, the observed values gf{g) are <0.01 (in magni-
tude) at all emission wavelengths. However, inlig— 5D(3)4
emission region of Th(dpgd~ complexes, the observed values
of gemexhibit very large variations (in siggnd magnitude) with
emission wavelength, and at several wavelengthigthgvalues
are estimated to be0.2 for fully- resolvedA or A enantiomers

of Th(dpa}3-.

The observation of strong chiroptical activity in any given
emission region of a chiral luminophore implies that the
underlying transitions have substantial electdod magnetic-
dipole transition amplitudes with collinear vector componénts.
For an individual transition to exhibit chiroptical activity, it must
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Table 4. Polarizations of Emission Lines Observed in ties 3
— 5D(3), Transition Regions of T4 in Hexagonal Na[Ybo.gsTho.0s

(dpa) ]-NaClO»10H,0

terminal levet

no. multiplet T wem? Pe mecH
2 Fs E 20435 0.52 ed
3 Fe E 20 389 0.50 ed
5 Fs E 20 350 0.45 ed
9 Fs E 20 289 0.47 ed
11 Fs E 18416 —0.10 md
12 Fs Az 18 359 0.13 md
13 Fs E 18 343 —0.08 md
14 Fs E 18 267 0.14 ed
15 Fs E 18 182 0.15 ed
16 Fs A, 18 163 0.16 md
18 Fy E 17 153 0.18 ed
20 Fy E 17 027 0.04 ed
21 Fy Az 16 989 —-0.23 ed
22 Fy E 16 860 0.18 ed
24 Fs E 16 101 0.17 ed
25 Fs E 16 054 0.17 ed
26 Fs Az 16 034 —0.24 ed
27 Fs Az 16 000 —0.24 ed

a |dentified according to the level-numbering and labeling scheme
used in Table 1. In all cases, the emitting level is the lowest crystal-
field level of the®D(3), multiplet (level 34 in Table 1)® Observed
wavenumber (corrected to vacuum) of the emissive transitidrran-
sition polarization defined b = (I, — 1)/(1s + 1), wherel, andl,
denoteo-polarized andr-polarized emission intensities obtained in
orthoaxial spectral measuremerftsDominant transition mechanism.
md = magnetic dipole; ed= electric dipole.

obtained from our linearly polarized emission measurements
on single crystals of YbTbDPA. All the emission lines observed
in the "Fo—2 6 < 5D(3)4 transition regions exhibit strong electric-
dipole polarization properties; those observed in #g, —
5D(3), transition regions exhibit considerably weaker, but still
predominantly, electric-dipole polarization properties, but those
observed in théFs < 5D(3), transition region include some
that show predominantly electric-dipole polarization properties
andsome that show predominantly magnetic-dipole polarization
properties. In Table 4 we show the linear polarization properties
observed for a subset of the emission lines that appear in the
"Fa—¢ — °D(3)4 transition regions of Th(dpg) in YbTbDPA

be both electric- and magnetic-dipole allowed and the scalar at low temperature. The predominant transition mechanism for

product of its electric- and magnetic-dipole transition vectors
must be nonvanishing. The YbTbDPA samples examined in
the present study do not exhibit any chiroptical luminescence

each line may be deduced from the sign of the polarization
factor,P = (I, — 1)/(1, + 1), and an inspection of the electric-
and magnetic-dipole selection rules given in Table 1 of ref 2.

properties because these samples contain a racemic mixture of The relatively large degree afixedelectric- and magnetic-

A-Tb(dpa}?*~ andA-Th(dpa}®~ luminophores. However, the
linearly (o- versuss-) polarized emission measurements per-

dipole character observed in tAEs < 5D(3)4 emission lines
of Th(dpa}?®~ provides an explanation for the strong chiroptical

formed on these samples provide information about degree ofactivity observed in the’Fs < *D(3), transition region of

mixedelectric- and magnetic-dipole character in the different
’F; < 5D(3)4 transition regions, and this information is relevant

resolvedA- or A-Th(dpa}®~ enantiomers in solution.
Comparisons between Single-Crystal and Solution-Phase

to rationalizing the chiroptical luminescence spectra observed Spectra. The results and analysis presented in this paper are

for resolved (or partially resolved) Th(dp&) complexes in
solution.

Among the sevefiF3(J=0—6) < 3D(3), multiplet-to-multiplet
transition manifolds of Th(dpg)™ in YoTbDPA, only three are
predicted by AJ selection rules to exhibit any significant
magnetic-dipole character in their component, Stark-level-to-

based on absorption and luminescence measurements taken on
oriented single crystals of M&'bo g5Th o5dpa)]-NaClOy 10H,0

at cryogenic temperatures 80 K). The majority of the studies

on Th(dpa)®~ complexes that have appeared in the literature
have described spectral results obtained on complexes dissolved
in aqueous solution, at or near room temperature. A large

Stark-level emission lines. These three transition manifolds are number of these studies describe chiroptical luminescence results

"F3, "F4, "Fs < °D(3)4, among which'Fs — 5D(3), is predicted
by direct calculations to have the largest magnetic-dipole
contributions to transition line strengtHs.These predictions,
based om\J selection rules and on results obtained from direct
line-strength calculations, are entirely compatible with the results

(10) Hopkins, T. A. Unpublished results.

obtained from the'Fs <— 5D(3), spectral region. One of the
incentives for the present work was to rationalize the complex
band shape of this spectral region observed in room temperature
solution spectra in terms of transitions between crystal-field
levels split out of the’Fs and>D(3), multiplets.

Figure 5 displays luminescence spectra for#e— °D(3)4
transition region recorded from single crystals of YoTbDPA at
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Figure 5. Comparison emission spectra of thge < 5D(3), transition
region obtained from a crystal of YoTbDPA and from a solution sample
of Th(dpa)®~ dissolved in HO. The crystal spectra were recorded for
an orthoaxially mounted crystal e&. 20 K, 77 K, and room temperature
and represent sums of andz-polarized emission intensities, while
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Hopkins et al.

levels of the®D(3), multiplet and the seven crystal-field levels

of the ’Fs multiplet, four (the A < A and A — A, transitions)

are strictly forbidden by both electriand magnetic-dipole
mechanisms. The other 38 transitions span an energy range of
ca. 350 cntl. Broadening of the observed transitions at high
temperatures obscures the individual transition locations, but it
is apparent that overlapping hot band intensity dominates the
spectra at high temperatures. It is also apparent that the solution
spectrum is reasonably well-explained in terms of hot-band
intensity built upon origins located from the cryogenic crystal
spectra.

Conclusion

Solution measurements of luminescence from Th(gpa)
complexes have been used as a probe for electronic energy-
transfer processés,perturbations of the racemic equilibrium
existing within Th(dpa~ populations as a result of added chiral
cosolutes or solventg, induction of chiroptical activity into
Th(dpa}?~ populations as a result of chiral photoselectfand,
more recently, as a probe for enantioselective energy transfer
between an excited-state lanthanide population and resolved
optically active transition metal complex&$. In all of these
studies, théFs — 5D(3), transition region proves the most useful
for luminescence measurements, both because of the emission
intensity observed in this region and the chiroptical properties
of the underlying transitions. In the present study, we have

the solution spectrum represents an isotropic emission spectrum. Theused single-crystal polarized spectroscopy to locate and assign

emission intensity scale is arbitrary and scaled differently for each trace.
See text for details.

60 crystal-field energy levels within the 17 lowest-energy 4f
[SUJ multiplets of T, including all seven levels within the

20 K, 77 K, and room temperature and from an aqueous solution 'Fs Multiplet and five of the six possible levels within tF(3)s

of Th(dpa)®~ at room temperature. The crystal spectra were multiplet. Location of these levels allows for comparisons to

recorded with the crystal mounted in an orthoaxial orientation € drawn between solution and crystal luminescence and for
with respect to the emission detection direction, and each SOMe rationalization of both the chiroptical properties and the

represents the sum of and |, intensities observed from the ~cOmplex band shapes observed in the solution spectra of
Th(dpa}®*~ complexes, while the solution sampleis®tropic Th(dpay®".

with respect to the orientation of the Th(dga) complexes,  Acknowledgment. This work was supported by the U.S.
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the transition intensities expected for isotropic and summed

orthoaxial spectra will show some differences, all transitions C9515259
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in Table 2 (and identified in Figure 1).
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