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Detailed studies of formation, structure, and luminescence characteristics of novel ionically linked sinusoidal
chains of { Na}{(sal)sLn(B(OCHzs)s)Ln(sals}]n [Ln = Nd, Sm, Tb-Lu, Y (4); Ln = Eu (5); Ln = Gd (6)] was
undertaken to assess the versatility of tetramethoxyborate anions as consistent general synthons for one-dimensional
materials. Crystal data fof Na} { (sal)sNd(B(OCHs)4)Nd(sal)s} ], [4(Ln = Nd)]: monoclinic; space grou;2/c

(15),a = 20.884(2) Ab = 12.454(1) A,c = 37.663(5) A,f = 102.09(2}, Z = 8; [{ Na}{ (sal)sEu(B(O CH).)-
Eu(sals}]n (5): monoclinic; space groufG2/c (15),a = 20.846(2) Ab = 12.460(1) A,c = 37.365(4) A =
102.17(1y, Z = 8. Europium luminescence fronfNa} { (sal)sL.n1—xEu(B(OCHs)a)LnixEu(sals}]n [Ln = Eu

(5); Gd (7—11), Y (12), Dy (13—18), Dy/Gd (19)] reveals the presence of defect3Esites, possibly resulting

from swapping regular Bt and N& positions. Strong Eif—EW* electronic interactions result in multidimensional
energy migration and a dynamic excitation energy-transport regime. Efficient thermally activated redtitar Eu
to-defect E&" back-energy transfer dominates at 297 K.

Introduction tion® is desired. The problem is that the conditions under which
) ] 5 the above-mentioned one-dimensional arrays are assembled by
Although simple tetra-alkoxyborate anions ([((RB)” R = the tetramethoxyborate anions are enigmatic.

alkyl group) have been known for about a centtirg/atively We have been interested in tetra-alkoxyborate and tetraphe-
few reports on their coordination behavior exist. Most of the yoxyhorate chelates as preparative templates for one-dimensional
reported examples cover discrete complexes of groupsame  |anhanide(lll) compounds with electronic energy-transport
two® elements for which the bidentate coordination behavior .naracteristics that could be readily manipulated. In the presence
of the [(RO)B] "~ chelates is prominent. However, the [(§0)a- of efficient light-harvesting chromophores (light antenrae),
B]™ anion displays remarkable versatility as a template for yhich are coupled to lanthanide(lll) electronic states, and are

metallopolymers of one-dimensional structural motifs. In tWo herefore capable of sensitizing intense red europium(lll) or
separate serendipitous events, large lanthanide(lll) ionsLn  green terbium(lll) emission, one-dimensional arrays are of great

La—Nd), formed linear [Ln(N@)2((CH30)4B)(CH:OH)] (1)* interest in fluorescent sens#tand diagnostitt applications.
polymers, whereas cadmium(ll) formed helical chﬁa;ns of the After numerous unsuccessful attempts, including one Bjth
salt [Cd(tcm)B(OCH)4]-xCH;OH (tcm = [C(CN)")° (2). \we discovered that one-pot methanolysis of boron species
These broad similarities in structural motifs are observed dESp'tegenerated from Borax (NEB4Os(OH)4]-8H,0) in the presence
vast differences in the chemical properties of hard Ia_n;hamde- of salicylaldehydeKisal) and neodymium(lil) nitrate produces
(Il) and soft cadmium(ll) Lewis acids. The [(GR),B]™ ion a novel ionicaly linked polymeric sinusoidal one-dimensional
and other tetra-alkoxyborates generally are thus attractive as[rNa} { (sa)sNd(B(OCHs))Nd(sals} ], compound. We have
potential synthons in the preparation, and rational crystal gccessfully used this technique to prepare complexes of almost
engineering, of materials in which strict control of the direc- a entire lanthanide(l1) series{ (fla} { (sal)sLn(B(OCHs)4)LN-
tionality of physical behavior such as magnetism and magnetic (sas}]n [Ln = Nd, Sm, Tb-Lu, Y (4); Ln = Eu (); Ln = Gd
coupling? electron and electronic enefgyansport, or polariza- (g} "To the best of our knowledge, this is the first consistent
method for fabricating metaliteone-dimensional arrays using
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Table 1. Numerical Assignments and Stoichiometries for
[{Na}{(salkLn’sxLnyB(OMe))Ln'1—xLny(sals} ]n-mH.O0
Compounds

[{Na}{(sahsLn's—«Lny(B(OMe))Ln"1-.Lnx(sals}]n-mH,0

com-
pound Ln Ln X
4 Nd—Lu, Y Nd—Lu, Y
5 Eu Eu
6 Gd Gd
7 Eu Gd 0.06
8 Eu Gd 0.16
9 Eu Gd 0.37
10 Eu Gd 0.51
11 Eu Gd 0.79
12 Eu Y 0.04
13 Eu Dy 0.03
14 Eu Dy 0.09
15 Eu Dy 0.16
16 Eu Dy 0.50
17 Eu Dy 0.58
18 Eu Dy 0.76
19 Eu Dy/Gd ~0.29

structurally diverse one-dimensional arrays using tetra-alkoxy-
borates is achievable and it is now possible for electronic
properties of an extended series of compounds of low dimen-
sionality, such as{[Na}{ (sal)sLn(B(OCHs)s)Ln(sals}],, to be
evaluated.

Herein, we report the preparation, crystal structure, and
intriguing luminescence decay dynamics of the&} { (sal)sLn-
(B(OCHg)4)Ln(sal)s}]n series.

Experimental Section

Materials. Salicylaldehyde (99%), standard pH 9.22 buffer tablets,
and Borax (NgB4Os(OH)4]-8H,O) were obtained from BDH. Lan-
thanide(lll) nitrates were obtained by neutralizing the corresponding
oxides (Aldrich, 99.99% purity) with nitric acid, followed by evapora-
tion of water to near dryness. Methanol was of reagent grade.

Spectral and Quantitative Analyses. Carbon, hydrogen, and
nitrogen analyses were obtained from MEDAC Ltd., Brunel Science

Center, Surrey, UK; lanthanide concentrations were obtained by neutron

activation analysis at the International Center for Environmental and
Nuclear Sciences, University of the West Indies, Jam&iéaPerkin-
Elmer 1000 S FT-IR and HP 8451A diode array YVisible

spectrometers were used to record IR and electronic absorption spectra,

respectively. The powder X-ray diffraction analyses were obtained from
A Siemens D5000 diffractometer.

SynthesesCompoundgl—19 (Table 1) were prepared using standard
pH 9.2 buffer tablets or Borax (N@1Os(OH),]-8H.0), as shown in

Scheme 1. Crystals were dried on tissue paper to maintain their

crystalline integrity. Analyséd showed the crystals to be anhydrous
for 4 (Ln = Nd); monohydrates fod (Ln = Sm, Tm, Lu) and5;
dihydrates ford (Ln = Tb, Dy, Ho, Yb) and6; and trihydrates for
(Ln =, Er). However, powder X-ray diffraction analyses (Figure 1)
show (vide infra) that crystals @f—6 are isomorphous irrespective of

the hydration number. Further the luminescence decay kinetic values

of terbium and europium samples prepared fromsGB/D,O were
similar to those of compounds prepared from4OH|, which confirms

Gajadhar-Plummer et al.

Ln=Nd

Figure 1. A comparison of powder X-ray diffraction spectra ¢Na} -
{(salxLn(B(OMe))Ln(sal)x}]n (4) (Ln = Nd, Ho, and Lu).

Scheme 1. Synthesis of
[{Na}{(salsLn(B(OMe))Ln(sals}]n (4) (Ln = Nd—Lu, Y)

5-
(?H
.O'TQ
HOB O BOH
0]0

B
|

OH

Ln(NO;);.nH,0 (0.5 mmol)
salicylaldehyde (1.S mmol)
CH;OH (50 cm®)

40 - 50 °C

4 days

4 (ca. 60 %yield)
yellow (LLn = Sm-Lu, Y)
and olive (Ln = Nd)

crystals

cence decay rates were measured using either our new Continuum

that the water found in the analyses is crystal rather than coordinated Powerlite 8000 YAG laser and a matching ND6000 dye Laser, or a

water.
Luminescence StudiesThe luminescence and excitation spectra

nitrogen dye laser, and an electronic and computational setup that was
described previousli2 The Powerlite 8000 YAG laser generates ca.

were recorded using an LS5B Perkin-Elmer Fluorescence spectrometerl200, 600, and 300 mJ pulses<8 ns) at 1064, 532, and 355 nm,

that is essentially similar to the one described eatfidihe lumines-

(12) Mathews, K. D.; Fairman, R. A.; Johnson, A.; Spence, K. V. N,
Kahwa, I. A.; McPherson, G. L.; Robotham, H. J. Chem. Soc.,
Dalton Trans.1993 1719.

(13) Satisfactory analytical data-p.3% for C, H, and metal (Eu and Dy)
analyses] were reported for all compounds. See Supporting Informa-
tion.

(14) Mathews, K. D.; Kahwa, I. A.; Williams, D. Jnorg. Chem.1994
33, 1382.

respectively, whereas the ND6000 may generate up to 150-mJ pulses
with the Rhodamine 6G dye. Indiscriminate excitation of samples was
effected at 365 nm whereas selective excitation was achieved using a
Rhodamine 6G dye tuned at 572 nm for®E°Dg) and a coumarin

500 dye tuned at 535535 nm, depending on temperature, for thé'Eu
(°D,) state. Variable temperature measurements3@ K) were done
using our new APD Cryogenics Inc. CSW-202 Displex Helium
refrigerator system with the sample in contact with cryocon-conducting
grease. Excitations using light with a wavelength of 337 nm (from a
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at low 6. This may indicate some subtle changes in the detailed
crystal structure as a result of the lanthanide contraction. Thus

data 5 4[Ln = Nd] single-crystal X-ray diffraction analyses of both the neody-
formula CieHuOeBNAEL  CagHaO1BNaNG mium—holmium and erbiumlutetium complexes are necessary
formula weight 1188.5 1173.1 to provide firm evidence for the nature of members of sefies
color, habit yellow prisms pale olive prisms Indeed single-crystal X-ray diffraction studies of the neody-

crystal size, mm

0.46 0.33x 0.13

0.37x 0.20x 0.17

mium(lll) and europium(lll) products confirm the formulation

T.K 293 293 of the compounds ag Na}{ (sal)sLn(B(OMe),)Ln(sal)s}], as

Sv';f\r/aefé?]gtﬁe); g.lsrlnoe%s Pa/PC 0'57'?217(33['5 Pa/PC well as their one-dimensional structural motif (Figures 2 and

lattice type monoclinic monoclinic 3).

space group C2/c, 15 C2/c, 15 The X-ray analyses of the neodymium(ll4 [Ln = Nd)]

cell dimensions and europium(lll) §) complexes shows that they are isomor-
a,ﬁ 20.846(2) 20.884(2) phous (Tables 2 and 3), with only very minor differences in
2 A g:ggg% ésggggg their comparfative geometries reflecting the no_rmfal Ianthanide-
B, deg 102.17(1) 102.09(2) (1) contraction effects. The structures are ionically linked

v, A3 9487(2) 9579(2) polymers and contain two independent lanthanide centers. Each

z 8 8 of these centers is coordinated to three planar bidestte

D, g cnr® 1.664 1.627 chelates, the remaining two coordination sites in each case being

;(%Cri?-)l 32% gg‘zg occupied by a bridging_ tetrameth(_)xyborate. The geometry at

0 range, deg 1.925.0 1.9-25.0 each lanthanide center is slightly distorted square antiprismatic;

no. of unique reflections 8364 8456 the principle distortion is an O(2)Ln—0(3) angle of 58.3(2)
measured (Ln = Eu) [53.2(2}, Ln = Nd] as a consequence of the bite of

observed|Fo| > 4o(|Fo[) 6109 5873 the tetramethoxyborate. The £®© coordination distances fall

absorption correction semiempirical  semiempirical into two distinct groups. The coordination distances of the

maximum, minimum 0.2(11/”'8?35) O'%’Sg%rés) phenolate oxygen atoms [ranging bgtvygen 2.286(7) and 2.340-
transmission (6) A, Ln = Nd] are, as expecteld,significantly shorter than

no. of variables 597 597 those of either the carbonyl [range, 2.39A@)466(7), Ln=

R 0.050 0.053 Eu; 2.437(6}2.522(8), Ln = Nd] or tetramethoxyborate

WRS 0.099 0.101 oxygens [2.424(6)2.457(5), Ln= Eu; 2.461(7}-2.502(6), Ln

}’;’l%%gtt'ré?ﬁfgggg a{;’;k, 8:32’6;3:57 095%23'094(7)00 = Nd]. In all cases, the carbonyl groups substantially retain

hole, eA3

2 Details in common:w-scans, refinement based B ® R, = Y ||Fo|
= IFdl/3|Fol. S WRe = V{S[W(Fe? — FAT/ T IWFAT}. 4wt = o¥(Fe?)

+ (aP? + bP.

their double-bond charactétthe G=0 distances being in the
ranges 1.22(H1.24(1) A (Ln= Eu) and 1.20(11.24(1) A
(Ln = Nd). Likewise, the CG-O (phenolate) bonds exhibit a
characteristic slight shortenif§the G-O distances being in
the ranges 1.29(H1.30(1) A (Ln= Eu) and 1.28(1}1.34(1)

nitrogen laser) or 282 nm (from the frequency-doubled Rhodamine 6G A (Ln = Nd). The bridging tetramethoxyborate ligands show

dye laser) lead to degradation of the samples. Samples were thusmarked departures fronfy geometry, the ©B—O angles

routinely inspected for visible damage during the analyses, and duplicateranging between 98.3(7) and 117.2(@)n = Eu) and between

runs were done for most of the luminescence decay curves to ensure98.6(7) and 117.0(8) (Lr= Nd). These distortions are similar

reproducibility of decay behavior. to those observed in the linear [La(N@B(OCHs)4)(CHsOH),

Structure Determination. Table 2 provides a summary of the crystal  gystenft

data, data collection, and refinement parameters for neodyn#i(im [ Each of the tetramethoxyborate-bridged séjsLn(B-

= Nd)] and europiumg) compounds. The structures were solved by (OMe))Ln(sas]") ‘dimers’ has approximate€, symmetr

direct methods and all the nonhydrogen atoms were refined anisotro- * . 8 Pp 2 Sym Y
virtually down the moleculacC; axis, as shown in Figure 2.

pically using full-matrix least-squares basedroh The hydrogen atoms .
of the methoxy groups were located frakF maps and their positions 1 ne three phenolate oxygen atoms on each center are directed

optimized. The remaining hydrogen atoms were placed in calculated Outward, away from the bridging tetramethoxyborates, thereby

positions, and all the hydrogen atoms were assigned isotropic thermalpresenting a suitable charged binding site for the sodium cations.

parametersy(H) = 1.2 U¢(C) [U(H) = 1.5 Ue{C-Me)], and allowed Indeed, pairs of §al)sLn(B(OMe))Ln(sal)s]~ dimers are linked

to ride on their parent atoms. Computations were carried out using thevia the sodium cation to form sinusoidal ionically linked

SHELXTL PC program syster. polymeric chains (Figure 3) that extend in the crystallographic

c-direction. The two linking sodium cations are nonequivalent,

Na(1) positioned on a crystallographic inversion center and Na-
Syntheses and Structure.The successful preparation of (2) on a 2-fold axis.

members of serie4—6 is indicated by satisfactory elemental The intrachain Ln...Ln separations are (given to 2 decimal

analyse® and IR spectra, which show the presence of the points to highlight the magnitude of their differences) 6.23 A,

carbonyl group (1634 cnt). The compounds have similar Ln = Eu (6.31 A, Ln= Nd) within each dimer, and 6.57, 6.84

crystal morphologies. This feature together with the similarity A Ln = Eu (6.61, 6.88 A, Ln= Nd), respectively, across the

in the powder X-ray diffraction patterns of the neodymium and linking Na* centers. These distances are all shorter than any of

holmium compounds (Figure 1) is indicative of their isomorphic the interchain Ln....Ln distances, the shortest of which is 7.22

nature. However, the spectrum of the lutetium compound (Figure A, Ln = Eu (7.28 A, Ln= Nd), for the Ln(1)....Ln(1) separation.

1), although it is qualitatively similar to those of the neodymium The polymer chains are closely packed with the crests of one

and holmium compounds, lacks the strong diffracting behavior

Results and Discussion

(16) (a) Kahwa, I. A.; Fronczek, F. R.; Selbin,Idorg. Chim. Actal987,
126, 227. (b) Kahwa, I. A.; Fronczek, F. R.; Selbin,Idorg. Chim.
Acta 1988 148 27.

(15) Sheldrick, G. M.SHELXTL PC version 5.03; Siemens Analytical
X-ray Instruments Inc.: Madison, WI, 1994.
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([Z4 Iy =
\ &V "'m;
0(6)
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Ln=Dy
121 I, ~ 1.3
i Ln=Gd
= Iy~ 1.0
b 4 6

Figure 3. The one-dimensional sinusoidal motif of tHé\g} { (salkLn-

(B(OMe))Ln(sal)}]n ionically linked polymeric chain. Hydrogen and

carbon atoms have been omitted for clarity.

chain lying in the troughs of the next. There is no solvent 6 12

included in the structures @f{Ln = Nd) and5.

6
XLn / XEu

Although the common synthetic route to complexes of Figure 4. Cation discrimination indices for crystalline {{{la}-
[(RO),B]~ with groups 1 and 2 metal ions has been via the {(sa)sLniEu(B(OMe))Ln.Eu(sals}], complexes [Ln= Gd

reaction of (RO)B with the RO™ anion under strict exclusion

(6—10) or Dy (13—18)].

of moisture and aif;® methanolysis of commonly used reagents [{Na}{ (sal)sGdi—Eu(B(OMe))Gdi—xEu(sals}]n, in which
such as sodium tetrahydroborate and trihydrocyanoborate (lead-Ga®+ and Ed+ have more similar ionic radii (1.06 A for Gt

ing to 1),* tetraphenylborate (resulting &),5 and in this study,
Borax, seems to proceed well without those limitations.

Series1 was obtained in a mixture with amir@mino

in 8-fold coordinatiof’) the cation discrimination index ac-
cordingly islp ~ 1 (Figure 4). Further, lanthanide(lll) ions have
been complexed with tetrahydroborate aniogBH numerous

products but attempts to obtain pure products of the series ortimes in the presence of GB™~ anions. Although some limited
complexes of smaller lanthanides (n Sm—Lu, Y) failed# methanolysis of the tetrahydroborate anion was reported, no
In sharp contrast, the formation 4fvith Ln = large lanthanides  lanthanide(lll) compounds of the [(GB)4B]~ anion or its

(La and Pr) seems unfavorable, whereas compounds of the

smaller Nd™—Lu®" are readily obtained. This preference for
smaller Li#" ions by system4 was revealed conclusively by
the mixed lanthanide(lll) complexes{{a}{(sal)sLni—xEu.-
(B(OMe))Ln—Eu(sahs}]n [x = 1 (5); Ln = Gd (6—10), Y
(12) or Dy (13—18)], the metal contents of which were
established by nuclear activation analyseBhe higher selectiv-
ity for incorporation of the smaller dysprosium(lll) ions (1.03
A for 8-fold coordinatiod?) in crystalline compounds{ Na} -
{(sal)sDy1—xEwu(B(OMe))Dy1-xEu(sal)s} ], over the signifi-
cantly larger europium(lll) (1.07 A) is evident from the cation
discrimination inde¥ of Ip ~ 1.3 (Figure 4). For system

(17) Shannon, R. D.; Prewitt, C. RActa Crystallogr.1971, B25 925.

(18) Competitive incorporation of two lanthanide(lll) metal ions (A and

B) in a mixed crystalline product can be expressed in terms of their
respective selectivitie’®:

Xa = (XaPa)/(XaPp + XgPg);  Xg = (XgPg)/(XoPs + XgPg) (1)

whereXa and Xg are the initial mole fractions of cations A and B,
respectively, in the mother-reaction mixtures and xg are mole
fractions of cations A and B in the crystalline product, respectively;
Pa andPg are probabilities for the incorporation of cations A and B,
respectively, in the crystalline product. For comparative purposes, we
set cation A= Eu?* and cation B= Gd®*" or Dy3" and rearranged eq
ltoeq2:

Io(Xg/Xx) + 1= 1/x, @)

wherelp = (Pg/Pa) = discrimination index of cation B over A for
incorporation into the crystalline product.
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Table 3. Temperature Evolution of Decay Ratder [{ Na}{ (sal)sEwLn'1—x(B(OMehEuLn'1_«(sals}]n

Ln= Eu Ln= GeP Ln = Y¢ Ln= Dyd Ln= Gd/Dy¢
T (K) kils x 100 kisx 10°  ki/sx 10*  ko/s x 10  ki/s x 10* ki/sx 10° ki/sx 10*  kofsx 10° ki/s x 10* ko/s x 10°
8—50 2.2 2.2 2.2 1.0
55 2.2
60 2.2 2.2 1.0 3.1 1.1 34
65 2.2 1.0 3.2
70 2.2
75 f 3.3
80 2.2 1.0 4.0
85 2.2 2.3
100 2.2 1.1 3.6 1.1 4.0
105 2.2 2.3
110 2.2
120 1.1 3.7
125 2.2 2.3
140 2.3 2.3 1.2 4.0 1.1 4.1
145 2.2
155 2.3
160
165 2.2 2.3 1.4 4.0
180 f 4.1 1.2 55
185 2.2
200 2.2 1.4 4.2
205 2.2 2.4
210
215 1.5 4.3
220 2.3 2.4 2.4 1.0 6.2
225 2.4 25
235 2.5 2.7
240 2.7 2.7 2.8 1.7 4.4
245 3.0 3.0 2.9
250 1.8 34 35 3.3 1.7 51
255 f 3.8 3.7 3.5
260 2.0 4.4 4.1 1.5 3.6 1.9 5.9 1.4 7.5
265 2.0 5.3 4.5 f 4.1
270 f 6.3 1.7 5.1 1.8 4.2 2.0 6.5 1.6 7.9
275 2.3 7.4 2.2 55 2.5 7.7 2.5 8.8
280 2.5 9.1 2.4 5.8 2.5 5.7 f 8.7 2.4 7.9
285 2.4 11.1 3.3 7.4 3.0 10.4 3.0 8.8
290 3.4 13.2 2.9 10.4 3.4 7.2 3.6 12.0 34 9.9
295 4.5 17.5 5.0 11.8 5.9 15.2 3.7 10.5
297 6.7 16.7 4.3 10.0
300 8.3 20.4 8.3 19.6 4.0 11.8
310 9.1 28.6
320 14.3 40.0

aTails of decay curves were fit as single exponentials; the fast components were derived from double-exponential approRiratioms.
¢x = 0.04.9%x = 0.58.°¢ Gy 2DYo.4E Uy 20  Nonlinear Marquardt fit not satisfactory.

derivatives were isolateld. The contrasting synthetic results of tions provides a better conduit for energy transfer than interchain
seriesl and4 are intriguing. Experiments designed to determine electronic coupling facilitated by crystal packing forces and
the influence of thermodynamic and kinetic stabilities of through-space interactions. Stronger intrachain coupling would
corresponding L#1" coordination polyhedra as well as extended constrain excitation energy transport {iNg} { (sal)sLn(B(OMe),)-
supramolecular interactions are in progress. This dearth of Ln(sals}],to one dimension, otherwise multidimensional energy
information notwithstanding, the consistent formation of com- transport would dominat®. We thus studied in detail the
plexes of4 in high yield and over much of the lanthanide(lll) luminescence spectral and decay dynamical properties of the
series is very encouraging. Better understanding of the coordina-emitting [ Na}{(sal)sEu(B(OMe))Eu(sal)s}], (5) chains and
tion behavior of [(RO)B]~ anions and exploitation of their  their mixed metal analogues—19 (Table 1) to establish the
versatility as general synthons for one-dimensional materials nature and dynamics of electronic interactions in this structural
should be of great future interest. motif.

The gadolinium(lll) compoundd) shows broad ligands@l™)
absorptions that lead to complex emission (3600 nm)

Structurally, compounds of thg la}{ (sal)sLn(B(OMe)y)- (Figure 5) at both 297 and 77 K. This ligand emission overlaps
Ln(sals}]n series are unequivocally one-dimensional. But the
tight trough-into-crest crystal packing of the sinusoidal chains (20) when energy transfer from a donor to an acceptor is predominantly
results in some interchain distances (shortest, 7.22 A)ftat multipolar?! the transfer ratekj is expressed as:
are comparable with the intrachain ones (longest, 6.84 A for
5). It was thus interesting to determine whether intrachaftttn
Ln3* electronic coupling resulting from through-bond interac-

Luminescence Spectroscopy

k=CIR ©))

where C = multipolar coupling constant responsible for energy
transfer;n = the order of the multipolar interaction (6, 8, or 10 for
dipole—dipole, dipole-quadrupole, and quadrupetguadrupole in-
(19) Ephritikhine, M.Chem. Re. 1997, 97, 2193. teractions, respectively), arifl= metal-metal separation.
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297K )\.em. 612 nm, 297 K
ligand absorption

SDy—"F,.

Compd. 6

297K
ligand emission

Aexe. 340 nm

Intensity (arbitrary units)

240 340 440 540

77K nm
excitation Figure 6. The 297 K excitation spectra for compounis/—9, and
A 4 612 nm 12
Compd. 5 Eu**(°Dy) dominated by the so-called hypersensiivéDo — "F, peak

and, quite unusually, the forbiddéb, — "Fo, “F3 transitiong3
are more intense than the allow#d, — 7F,4 electric dipole. It
. seems that the geometrical disposition of the various oxygen
=2 xem;S::)o:m atoms around the 8-fold coordinated *uon produces an
exc effective crystal electric field of very low symmetry; hence, the
observed E¥" (°Do) emission spectral profile in the 5830
nm region (Figure 5). However, symmetry and group theory
J=4 arguments that allow for weakD, — 7F3 intensity do

Intensity (arbitrary units)

J=3
Compd. §

297K simultaneously predict greater probabilities for electric dipole
A Do — "Fj (j = 2, 4, 6) transitiong?
77K Thus, arguments based on symmetry of the coordination
240 440 640 polyhedron around Eii and impurity emission cannot explain
nm satisfactorily the unusual intensities of gy — “F3 transition.
Figure 5. Electronic spectra for compoundsand 6. To shed more light on the nature of the emitting europium-

(1) species and the energy-transport dynamics in the sinusoidal
with electronic absorptions of luminescent®Tkand I.E.l:’fJr ions [{N&}{ (sa)sLn(B(OMe))Ln(sals}]n chains, we studied the
thereby meeting the principal DexteForster conditiof for temperature evolution of the decay behavior of the resulting
ligand-to-metal energy transfer which may culminate in the emijssjon in detail and found that the luminescence decay kinetics
‘antenna effect’. When excited in the ligand absorption region g into two regimes (Table 3): low (& T < 220 K) and high
(Aexc= 360 nm), the europium(lll) compleb) yields red E&" (T > 220 K) temperature.

(°Do) emission, albeit rather weak (Figure 5). The excitation | yminescence Decay Dynamics of EXf (°Do) at Low
spectra of E&" (*Do) emission fem = 612 nm) are dominated  Temperature (T < 220 K). Direct excitation of the Et (5Dq)

by ligand absorptions but very strange differences exist which |eye| at 572 nm in7 and 12, in which E#* ions are well
depend on both temperature and europium(lll) ion concentration separated by the effectively inert &dand Y3* ions, and in
(Figure 6). For example, at 297 K, the excitation spectrum of the pure europium compounl produces red emission that
EW** (°Do) emission fem = 612 nm) from the pure europium-  gecays exponentially for & T < 220 K (Table 3). The
(1) compounds5 features prominent direct Dy — 7F (] spontaneous decay rate is ca. 2210° s whereas a weak
=0, 1) and weaketD, — 'F; (j = 0, 1) transitions superimposed  temperature dependence corresponding to a phonon-type thermal
on a broadsal” absorption tail which extends into the green payrier of ca. 100 cmi is observed. The 77 K decay curves of
region @ > 480 nm) (Figure 6, compourf). In sharp contrast g3+ (5Do) emission from other mixed gadolinium(lll)/eu-
to this behavior, the prominence of these direct europium(lll) ropjum(iil) compounds—11 are also exponential with similar
D12 "Ry 1 transitions decreases systematically with decreasing decay rates (2.% 108 s71). Indiscriminate (at 365 nm) and
concentration of europium(lll) ions in crystals of the mixed (jrect (at 516-535 nm) excitation of the Bt (°D.) level in 5
[{Na}{ (salsGdr-Eu(B(OMe))Gd-xEu(sals}t]n (7—9) (Fig- produces an excitation buildup of ca. %710° s~* which is of
ure 6). Concomitantly, the low-energal” green absorption  the same order of magnitude as the decay rate of tfé ED,)
tail takes on a systematic blue shift with decreasing europium- gmission (ca. 7.% 10° s71). This means that ligand-to-&u
(1) concentration a_lnd becomes insignificant/at: 480 nm (5D1) energy transfer at low temperature is faster than theé Eu
for compound?7 (Figure 6, compound?) where the E&" (5D1)-to-EW* (5Dg) energy transfer, and confirms the involve-
concentration is the least. The 77 and 297 K excitation spectrament of EG*+ (5Dy) in the sensitization of B (°Dg) emission

of 7 and 12 (Figure 6) and that ob at 77 K (Figure 5) are  that is inferable from the excitation spectra (Figures 5 and 6).
similar. Further, théDo — ’F; emission spectrum (Figure 5) is

(22) Fasberg, J. HCoord. Chem. Re 1973 10, 195.
(21) (a)Dexter, D. L.J. Chem. Phys1953 21, 836. (b) Foster, T.Z. (23) (a) Blasse, Glnorg. Chim. Actal988 142 153. (b) Thompson, L.
Naturforscher.1949 49, 321. C.; Kuo, S. C.Inorg. Chim. Actal988 149, 305.




Novel 1D Lanthanide(lll) Tetramethoxyborates

104x Time /s

6.0

In(normalised intensity)
&

Figure 7. The 77 and 297 K (insert) decay curvelg{= 612 nm;
Aexe = 572 nm) of EG" (°Dg) in mixed metal europium/dysprosium
compoundss and13—-18.

77K
2.29 Ln=Dy?
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=
297 K
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% Ln (8)
Figure 8. Stern—Volmer plots [ratio of decay rates vs mole fraction
of Ln acceptor §) for the major E&" (°Dg) emission in mixed metal
europium/dysprosium compounti8—18]. &py/key = 1 + 4.540py [Keu

= decay rate of Ef (°Dg) in 5 at 77 K; kpy = decay rate of EXf
(®Dy) in the presence of BY]; PkypezedKyperes= 1 + 1.020ype2eu[Kype1eu

= decay rate of Etf (°Dg) in 7 at 297 K;dype2eu= Oeu fOr comparative
purposeskypezeu= decay rate of long-lived component of EY®Dg)

in compoundsl3—18 at 297 K]; ®koy/key = 1—0.59 6py [key = decay
rate of EG* (°Dg) in 5 at 297 K; kypezew = decay rate of long-lived
component of E¥ (°Dg) of compoundsl3—18 at 297 K].

The exponential nature of decay curves of quenched Eu
(°Do) emission is indicative of efficient energy migration on
the E#" sublattice. To establish the dimensionality of this
regime in crystals of{[Na}{ (sal)sEu(B(OMe))Eu(sal)s}],, we
studied the luminescence decay behavior of mixed Fy3"
compoundsl3—18 (Figure 7). Quenching of 77 K Bt (°Dy)
emission by Dy" ions (compoundd3—-18) follows Stern-
Volmer kineticg* (Figure 8; 77 K), the decay curves deviating
marginally from single-exponential behavior throughout the
entire concentration range of Bystudied. This confirms that
the energy-transport regime fand 13—18 is dominated by
efficient energy migration that culminates in less efficient
guenching by traps (e.g., BY). E®T—EUW" interactions are
therefore much stronger than the3EuDy3" interactions, and

(24) Zhou, Q.; Swager, T. Ml. Am. Chem. S0d.995 117, 12593.
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Figure 9. Decay curves of B (°Dg) emission fem = 612 NM;dexc
= 572 nm) in5 and mixed metal compounds 17, and 19.

the energy-transport regime is nearly dynafi It is well
known that introduction of energy scatterers into denor
acceptor arrays dominated by one-dimensional energy-migration
regimes produces a dramatic effect on decay-curve préfifés.
However, neither the decay curveslafand19 nor those o6
and9 show the expected dramatic differences at 77 K (Figure
9 insert). This means that energy migration{iNg { (sal)sEu-
(B(OMe)y)Eu(sals}]n is multidimensional, and through-space
multipolar EFT—EUWT interactions are more efficient conduits
of excitation energy than through-bond interactions of the
sinusoidal chains. The temperature evolution of luminescence
decay rates of compounds and19 were very similar (Table

3); both exhibited weak temperature dependence fox 90<

220 K with a phonon-type thermal barrier of roughly 40¢m

From the slope of the 77 K StetrVolmer plot (Figure 8; 77
K), the limiting EL?™ (°Do)-to-Dy3" energy-transfer rate is ca.

9 x 10® sL. This parameter is comparable with the value of
ca. 6x 10° s~ obtained from perfectly exponential decay curves
of EU3* (°Dg) in compoundl3. Assuming that E¥ (°Dg)-to-
Dy3" energy transfer is predominantly dipolar, the dipetipole
coupling constant responsible for the transfer is ca. 2052

mé s~1 which is reasonabl.

Luminescence Decay Dynamics of Edf (°Do) at High
Temperature (T > 220 K). After direct excitation at 572 nm,
luminescence from isolated Eu(®Dg) states of compounds
and12 decays exponentially for 226 T < 260 K. However,
the decay behavior exhibits a strong temperature dependence
throughout the 226< T < 300 K region and is not exponential
for T > 260 K. For both7 and 12, the thermal barriers for
guenching processes of the long- and short-lived red BDo)
emission (monitored at 612 nm) are ca. 2110® (Figure 10)
and 3.1x 10® cm™1, respectively. E¥ (°Dg) emission decay
behavior of crystalline is similar to that of7 and 12 up to
250 K. Thereafter, a stronger temperature dependence is
observed with decay curves deviating very marginally from
single exponential behavior (Figure 11) because of the appear-
ance of a short-lived component (Table 3). The long-lived

(25) (a) Huber, D. LPhys. Re. 1979 B20, 2307. (b) Huber, D. LPhys.
Rev. 1979 B20, 5333.

(26) Howell, R. C.; Spence, K. V. N.; Kahwa, I. A.; White, A. J. P;
Williams, D. J J. Chem. Soc., Dalton Tran$996 961.

(27) Parkes, C. C.; Kahwa, I. A.; McPherson, G.Rhys. Re. 1995 52,
11, 777.

(28) McPherson, G. L.; Waguespack, Y. Y.; Vanoy, T. C.; Rodriguez, W.
J.J. Chem. Phys199Q 92, 1768.
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Compd. 5 T < 300 K) are very similar to those & (ca. 3x 10° cm™1).
E,~3.3x 10 em? That of 19 (ca. 1.6x 10® cm™2) is more similar to those of
¥ and12 (ca. 2.1x 10° cm™1).
To explain the above-mentioned results, we propose that there
are two types of E¥ ions in [Na}{(sal):Eu(B(OMe))Eu-
Compd. 7 (sabs}]n (5) chains Type 1 EW*™ occupies the regular europium-
pd. AN A . - . )
.~ 2.1x10° em™! (1) sites in chains ob as shown in Figure 3 and is responsible
/-E for the E#* (°Dg) excitation profile exhibited by compounés
% Compd.12 at 77 K (Figur_e 5) as well ag and 12 at 297 K (Eigure 6)._
E,~22x10°em? Type 2 EU3* sites are crystal defects, the population of which
increases with the concentration of europium in compounds
5—12 and 13—19. These defect sites would in this case be
! ' responsible for the dominafb; , — "Fo 1 transitions and the
3 4 \ 5 green absorption taik(> 480 nm) seen in Figure 6 (compounds
/T x 10 (K™ 5and7-9). There is good spectral overlap between the broad
Figure 10. Tht_a temperature evqlut_ion of the trapping rates of the_ major 500-600 nm emission tail (Figure 5) and the ¥PDg 12—
(slowly decaying) E#" (°*Do) emission component fd5, 7, and12in 7Fo.1 absorptions (Figure 6); hence, the strong absorption tail at

the high-temperature regime (20T < 300 K). ks = spontaneous . A - . .
decay rate= 2.2 x 10° % k = trapping rate= k, — ks (k, = observed 480 nm in the excitation spectra (Figure 6) is most likely

N
h
1

In(k, - k / sec.)

=
n
]

rate). associated with the defect site. Most probalblype 2 Eu"
arises from swapping Bl and N& sites, which is reasonable,

103 Time / s in view of similarities in their cationic radii (cal A for 6-fold

0.0 1.0 2.0 coordination)” It is unlikely that the defecType 2 Eu*" site

is a hydrate, because samples prepared from deuterated solvents
(CH;OD and BO) did not exhibit the dramatic decrease in
luminescence decay rates usually seen when coording®d H
is replaced by BO.2*?Instead, differences ifype 1and defect
Type 2 sites are expected to arise from the differential in site
symmetry (at most i and ca. @, respectively) and the nature

of coordinated atoms (vide supra). The main3Ey>°Dy)
emission in5 is caused byType 1 Eu" and is sensitized as
well as quenched via back energy transfer by thermally activated
processes involving both the ligand absorption (at 480 nm) and
Type 2 EW'. This explains well the excitation spectral features
(Figure 6, compoundS and7—9) and the thermally activated
guenching processes (Figure 11 and Table 3) as well as their
dependence on the concentration of europium(lll). For compara-
tive purposes, when a simple proportionality between the
population of Type 2 Eu®* and the europium concentration in
the crystals is assumed and the Steviolmer plot revised

5.0 accordingly, the normal profile is obtained (Figure 8).

Figure 11 il'emperature evolution of decay curves of3Ey®Do) V\chind thij oy t[}i ShOI’t-|iV§d Lgfmponent m?y be
JE == 0 attributed to direcType 1 Ew#*-to-Type 2 EW3* energy transfer,
emission fem = 612 nn_””lexf = 572 nm) from_5 (8-320 K_)' o the moderate efficiency of which precludes complete homog-
component decay is single exponential over six lifetimes. gpization of the europium ion population by energy migration.

Thermally activated quenching of both the fast- and slow- Tne thermal barriers of about 2 10° and 3 x 108 cm-L
decaying components requir_e similar activation_ energies, ca. 3-1correspond to the energies required to bridge th&" EfDy)

x 10° and 3.3x 10° cm™* (Figure 10), respectively. To shed it the upper E#" (°D1) and the ligand state responsible for
more light on Fhe nature of the thermally activated quenching o absorption at 480 nm, respectively. Most likely, back energy
process and its dependence on the nature of Ln{ ej- transfer to the ligand states associated with Tgpe 2 Eudt
{(sahsLn(B(OMe))Ln(sa)st]n we studied the mixed com-  gjte predominantly quenches Eu(Dg) emission from com-
poundsl13—18. In sharp contrast to the pehavior at 77.K, the pounds rich in E&. Transiting the E3 (°Dy) state may be
297 K decay curves of BU (°Dg) emission from mixed  ggsential for quenching of Eti(*Dg) emission for compounds
dysprosium/europium compound@8—18 (Figure 7, insert) are with too few Type 2 Ew*sites such ag, 12, and 19. It is

not single exponential and have initial slopes similar to that of amarkable that the green tail overlaps well with thé TED.,)

5; but those compounds with the most dysprosium traps have giate: this may be the reason for efficient quenching of terbium-

the most intense Bu (°Dg) emission (Figure 7, insert). As a (1) emission from compound{Na}{ (sa)sTb(B(OMe))Tb-
result, the long-lived component of Eu(°Do) emission from (sala}]n20

compoundsb and 13—18 at 297 K exhibits an extraordinary
anti-Stern-Volmer dependence on the concentration ofDy  General Remarks
(Figure 8). This anomaly is corroborated by the comparative  We have shown conclusively how hitherto elusive one-

-2.§

In(normalised intensity

luminescence decay behavior®f9, 17, and19 (Figure 9) in dimensional LA™ compounds of the [(CkD)4B]~ chelate can
which the initial decay rates are of similar magnitude, and the -
tail decay rates are in the unexpected orde® of 19 < 17 < (29) Horrocks, W. DeW.; Sudnick, D. R Am. Chem. Sod 979 101,

T . . 334,
5. The activation energy for therma”y a_C“VatEd quenching of (30) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.; Petoud,
the short- and long-lived Bt (°Dg) emission froml7 (220 < S.; Shaad, OJ. Am. Chem. Sod.996 28, 6681.
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