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Reaction of EuGF6H,0 with 3-phenyl-4-hydroxycyclobut-3-ene-1,2-dione (phenylsquarate) in methanol produces
the polymeric compleXEu(u-CgsHsC403)2(CsHsC403)2( CH3OH)2(H20),+ (CH30OH)} (1) which crystallizes in the
space groupP2./n with a = 13.4049(5) Ab = 13.7043(7) Ac = 18.5026(6) A5 = 106.351(4), andZ = 4.

The Eu(lll) ion is eight coordinate with two bridging and two pendant phenylsquarate ligands, the coordination
polyhedron being completed by two aqua and two methanol ligands. The emission spdctmdothe already
reported europium(lll) squarate, [Eu®)4]2(C404)3 (2), and europium(lil) (diphenylamino)squarat&ulu-(CsHs),-
NC403]2[(CeHs)2NC4O3][NO3][H 20]a} 2+ 4H-0 (3) show emissions dominated by the3E(¥Do — 7F;) transitions

which are typical for E&" species in low-symmetry sites. Fbithe emission occurs at room temperature and is
apparently sensitized by the phenyl substituents on the phenylsquarate ligand gro@md8rthe emission is

only observed at low temperature (77 K). The broad band%#® nm) in the excitation spectrum 8fat 77

K is consistent with excimer formation, which can be attributed to enhanecedinteractions between the,C
cycles of neighboring phenylsquarate ligand groups whose centagdtroid separation decreases from 3.630(7)

A at room temperature (293 K) to 3.565(7) A at 96 K. The temperature dependence of the luminescence of all
three complexes revealed strong-ERHu interactions which keep the energy transport process in the dynamic
regime.

Introduction and X-ray structural study df and an analysis of the effects of
temperature on the structure 8fand present a comparative

To assess the effects of monosubstitution of the squarateStu dv of the luminescence characteristics of the comol
ligand on, and further understand, the luminescence properties y P

of europium(_lll) squarate, we decided to study the Iuminescgnce Experimental Section

spectroscopic properties of the structurally well characterized ) ) _

europium(ll) complexe$ Eu(u-CeHsCsO3)2( CeHsCaOs)2(CHa- Preparation of the Ligand. 1-.Phenylcyclobutened|one3-PhenyI-
OH)o(H20)+ (CHsOH)} 1 (1), [EU(H20)4]2(C404)s (2), 12 and{ Eu- 4-hy_droxycyc|obut-3-ene-1,_2-d|on_e (pheznylsquarate) was prepared ac-
[4-(CeHz)sNC403][(CHs)2NC405][NO3][H 204} 2+4H,0 (3),1° cording to t_he method of Liebeskind et?al.

V61 T5)2IN A3l 2l 6T 16) 2TV BIL N BILH 28 day 272 ' Preparation of the Complexes{ Eu(-CsHsC403)2(CeHsCaOs)-
Whlch.are unequwocglly one-dimensional chains, dquble Iaygrs, (CH3OH) 5(H:0)>(CHsOH)} (1). A 20 mL aliquot of a methanolic
fand dlmers, r_espe_ct|vely. Apart from t_he_systematlc variation sojytion of EuCH6H,0 (0.21 g, 5.70x 104 mol) was added to 20
in the dimensionality of the Eu(lll) cationic array, complexes mL of a methanolic solution of phenylsquarate (0.05 g, 1x900*

1 and 3 were selected since the coordinated monosubstituted mol). The resulting solution was filtered and left to stand at room
squarate ligand in each case demonstrated multiple bondtemperature in a desiccator until crystallization was complete (yield,
localization, whereas in europium(lll) squarate the delocalization 17%).

extends over the entire squarate riagurthermore, the X-ray Anal. Calc for GsHzEuO.: C, 49.3; H, 3.9; Eu, 18.9. Found: C,
structural data suggested that batand3 had the potential for ~ 49:2; H, 3.9; Eu, 17.0 (The sample submitted for Eu analysis may have
exhibiting significantz—zx interactions, a feature that was absent absorbed water between the polymeric chains on standing, in a manner

. " 1 - similar to other phenylsquarate complexes).
in the solid-state structure @&* Here we report the synthesis [Eus(H20)4]x(C402)s (2). A 50 mL aliquot of an aqueous solution

of 3-amino-4-methoxycyclobut-3-ene-1,2-dione (0.10 g, 79004
mol) was mixed with an equal volume of an aqueous solution of

* To whom correspondence should be addressed.
(1) (a) Petit, J.-F.; Gleizes, A.; Trombe, J.-@org. Chim. Actal99Q
167, 51. (b) Alleyne, B. D.; St. Bernard, L.; Jaggernauth, H.; Hall, L.
A.; Baxter, |.; White, A. J. P.; Williams, D. Jnorg. Chem1999 38, (2) Liebeskind, L. S.; Fengl, R. W.; Wirtz, K. R.; Shawe, T.J.Org.
3774. Chem.1988 53, 2482.
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Table 1. Crystallographic Data fot and3a—c

Inorganic Chemistry, Vol. 38, No. 26, 199%279

1 3a 3b 3c
chem formula 62H27013EU‘M60H C54H§6N5026EU2‘4H20 C54H55N5026EU2'4H20 C64H55N6025EUQ'4H20
fw 803.5 1701.1 17011 1701.1
space group (No.) P2:/n (No. 14) P1 (No. 2) P1 (No. 2) P1 (No.2)

, 183 293 203 96
a A 13.4049(5) 9.2189(6) 9.2009(3) 9.1891(4)
b, A 13.7043(7) 9.8147(7) 9.7464(11) 9.6966(4)
c, A 18.5026(6) 19.0860(8) 19.0556(6) 19.0240(8)
o, deg 78.472(4) 78.049(6) 77.630(3)
B, deg 106.351(4) 82.386(7) 82.330(3) 82.293(3)
v, deg 88.340(3) 88.012(5) 87.787(3)
V, A3 3261.5(2) 1677.2(2) 1656.8(2) 1640.70(12)
Z 4 12 12 12
Pealca @ CNT3 1.636 1.684 1.705 1.722
A 1.54178 0.71073 1.541 78 0.71073
u, cmt 143.8 19.5 142.4 19.9
R 0.056 0.047 0.055 0.043
WRS 0.151 0.095 0.141 0.103

2 The complex has crystallograph@ symmetry.? Ry = 3 ||Fo| — |Fell/3 |Fol. SWR = { S [W(Fo? — FAY/ I [W(FPA} 2 wt = 04(Fo?) + (aP)?
+ bP.

EUu(NGs)3:5H,0 (0.34 g, 7.90x 10~* mol). The mixture was then tropically using full matrix least-squares based h (the pendant

filtered and the filtrate allowed to evaporate slowly at room temperature phenyl rings were refined as idealized rigid bodies). In all four structures

(ca. 28°C) until crystallization was complete. (Note: 3-Amino-4- the C—H hydrogen atoms were placed in calculated positions, assigned

methoxycyclobut-3-ene-1,2-dione instead of squaric acid was used inisotropic thermal parameterg(H) = 1.2U¢(C) [U(H) = 1.5Ue{(C—

the preparation of the complex because we were aware that both theMe)], and allowed to ride on their parent atoms. Though the O—H

amino and methoxy groups hydrolyzed during the synthesis to produce hydrogen atoms could not be located 3@-c they were located from

better quality crystals o2.) AF maps, assigned isotropic thermal paramete($]) = 1.2Ue(O),
{Eu[u-(CeHs)2NC4O3]2[(CeHs)2NC4O3][NO 5][H 20] 4} 224H,0 (3). and refined subject to an €H distance constraint (0.90 A). All

This complex was prepared according to the method of Alleyne*tal. computations were carried out using the SHELXTL PC program
Preparation of Mixed Metal Complexes. All mixed metal com- system?® Crystallographic data are available from the Cambridge

plexes were prepared using procedures similar to those for their pure Crystallographic Database; use reference numbers CCDC 13I562 (

counterparts with the appropriate metal ratios. The results of the actual 137564 8a), 132371 8b), and 137563 3c).

metal analyses done on the mixed metal complexes were used in

calculating the molecular formulas presented in the discussion. For Results and Discussion

example, analysis of the mixed gadolinium(lll)/europium(lll) squarate

complex gave 28.8% Gd and 0.7% Eu, which correspond approximately ~ Structure of {Eu(u-CeHsC403)2(CsHsC403)2(CH30H),-

t0 [Gh.9gEo.0AH20)4] 2(C404)3. (H20)2:(CH30H)}, (1). The X-ray analysis of the complex
Elemental Analyses.C, H, N, and metal analyses were performed formed between the phenylsquarate ligand and E6E5O

by MEDAC Ltd., Brunel Science Centre, Egham, Surrey, U.K. shows the europium to be bonded to four phenylsquarate groups,
_Spectroscopy.The emission and excitation spectra were recorded two methanols, and two water molecules (Figure 1). Two of

using an LS-5B Perkin-Elmer fluorescence spectrometer (acceracy o nhenyisquarate units are monodentate, while the third (which

+2 nm, repeatability= +1 nm, and resolutios= 2 nm for a 10 nm . . . . LN
slit width; gignalznoisez 70:1) in the phosphorescence mode. The is related to the fourth by symmetry) is 1,3-binucleating, linking

spectrometer was interfaced to a computer via a program written by @djacent europium centers to form a polymer chain that
Dr. Robertha C. Howell. propagates via the crystallographi¢ &crew (Figure 2). The

Luminescence Decay KineticsThe luminescence decay rates were geometry at europium is slightly distorted square antiprismatic,
measured using a pulsed Photon Technology International (PTI) PL the top and bottom faces being parallel to withifi @nd
2300 nitrogen laser, which pumps a PL201 dye laser. The laser has astaggered by ca. 38vith respect to each other (Figure 3). The
pulse width of 1 ns and a maximum energy of 1.4 mJ per pulse. The Ey—O distances are in the range 2.348(B)453(7) A, the
emission was detected by a Hamamatsu R928 photomultiplier tube andshortest contacts being to the phenylsquarate ligands. It is
passed through an NE 531N preamplifier. This was then sampled by ajnteresting to note that there is a marked asymmetry in the
Tektronics 2232 oscilloscope (100 mHz bandwidth, 100 megasampleslcoordin(,jltion distances to the binucleating phenylsquarate

s, 1000 channels, 8 bit digitizer, and 16 bit storage amplitude resolution). ligands—2.348(6) [O(1)] and 2.402(6) A [0(3A)though there

Approximately 1024 transients were averaged by the oscilloscope, . - - . . .
transferred to a 486 PC for further averaging and analysis using a 'S NO significant difference in the associatee~Q distances.

nonlinear Marquardt procedure. For 77 K measurements, the samplesT h€ Eu-O—C(phenylsquarate) angles are in the range 134.0(6)

were sealed in 4 mm thick glass tubes and placed in a finger type quartz[O(3)] to 150.0(6) [O(11)] (Table 2). The phenyl substituent

EPR dewar. Variable temperature analyses-@20 K) were done using is oriented cis with respect to the ligating oxygen in both the

an APD Cryogenics Inc. CSW-202 Displex helium refrigerator system. pendant angk-1,3-bridging phenylsquarate ligand groups.

Direct excitation of theé'Do state was at 580 nm, and emission was A pronounced conformational feature of all three independent

mog;;‘?srt:ﬁOf’grgrl)gy”r'_}'a'glz's‘l:”gg‘ﬁgeegxg'tgﬂz]”m";?; ‘th iﬁz '::r:;'stal phenylsquarate ligands is a near-coplanar relationship between
) : "~ their G and phenyl rings, the torsional twists about the bond

| hic data fi ds and 3a—c. For 1 and 3b dat L. . ’ .

ographic cata for compouncsanc s&~c. =or - an ala were linking the two ring systems being 7, 2, antl for the C(1),

collected on a Siemens P4/RA diffractometer using graphite mono- > > . .
chromated Cu K radiation, while for3aand3cthe data were collected ~ C(11), and C(21) containing ligands, respectively. This geometry

on a Siemens SMART CCD diffractometer using graphite monochro- favors conjugation between the two ring systems and is
mated Mo Ko radiation. In each case the data were corrected for Lorentz

and polarization factors, and for absorption. The structures were solved (3) SHELXTL PCrersion 5.03 Siemens Analytical X-ray Instruments,
by direct methods, and the non-hydrogen atoms were refined aniso- Inc.: Madison, WI, 1994.
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C(26) C(25)

Ctig)

Figure 1. Coordination environment of the europium center in the
structure ofl showing also the intramolecular-@H---O hydrogen
bonds and the linking to the included methanol solvent molecule. (The
phenylsquarate ligand coordinated through O(3A) is related by sym-
metry to that coordinated through O(1)).

Figure 2. Part of one of the 2screw propagated polymer chains in
the structure ofl. The Eu--Eu separations are 8.27 A (the methanol
methyl groups have been omitted for clarity).

Figure 3. Square antiprismatic europium coordination polyhedron
present in the crystals df.

accompanied by a shortening of the inter-ring bond lengths
which range between 1.451(10) and 1.454(10) A (compared
with, for example, a mean inter-ring distance of ca. 1.49 A in

biphenylene containing compounds). The pattern of bonding
within all three independent £ing systems are, despite the

inevitably large estimated standard deviations (esd’s), remark-
ably consistent, with the two bonds adjacent to the phenyl

Alleyne et al.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
{ Eu(u-CeHsC403)2(CsHsCaO3)2( CHzOH)2(H20)(CH:OH)} v (1)

Eu—O(1) 2.348(6) Et-O(31) 2.453(7)
Eu—O(3)#1 2.402(6) EtO(33) 2.459(6)
Eu-0(11) 2.350(6) EtrO(35) 2.415(5)
Eu-0(21) 2.386(6) Et+O(36) 2.444(6)
O(1)-C(1) 1.234(11) 0(2BC(21) 1.220(10)
0(2)-C(2) 1.213(11) 0(22)C(22) 1.200(12)
0(3)-C(3) 1.239(11) 0(23)C(23) 1.197(11)
O(11)-C(11) 1.260(12) 0(3HC(32) 1.435(11)
0(12)-C(12) 1.220(12) 0(33)C(34) 1.441(11)
O(13)-C(13) 1.223(11) 0(40)C(41) 1.393(14)
c(1)-C(2) 1.522(12) Cc(1BC(12) 1.503(13)
c(2)-c(3) 1.506(12) c(12)C(13) 1.515(12)
C(3)-C(4) 1.437(12) C(13yC(14) 1.444(13)
C(1)-C(4) 1.435(12) Cc(1BC(14) 1.418(12)
C(4)-C(10) 1.454(10) C(14)C(20) 1.451(10)
O(1)-Eu-0(11) 75.8(2) O(IBEu-0(21) 117.5(2)
O(11-Eu-O@#1  75.0(2) O(LEu-0O(35)  146.5(2)
0(21)-Eu—0(35) 83.3(2) O(BEU-0(36) 135.4(2)
O(1)~Eu—0(36) 76.6(2) O(35YEu-0(36) 108.2(2)
C(11-O(11-Eu  150.0(6) C(32}O(31-Eu  126.1(6)

Figure 4. z-stacking of adjacent polymer chains in the structuré of
(the methanol methyl groups have been omitted for clarity).

substituent (average 1.443 A) being shorter than the others
(average 1.518 A). Thus, the multiple bond localization observed
in all the transition metal and lanthanide complexes of mono-
substituted squarate ligands reported so far is also observed in
this complextb#4 Furthermore, the magnitude af(C—C) does

not differ significantly for the first row transition meth-
ylsquarates, phenylsquarates, oy thus providing further
evidence that the magnitude A{C—C) is solely dependent on

the identity of the substituerit.

Adjacent polymer chains are aligned parallel, the monodentate
phenylsquarate ligands in one chain intercalating between their
counterparts in the next forming-:ABBAAB --- stacks where
A and B are the two independent monodentate ligands (Figure
4). Ligands of “like” type (i.e. AA or BB) are aligned in an
overlapping, head-to-tai; symmetric arrangement with mean
interplanar separations of 3.35 and 3.51 A, respectively, while

(4) (a) Alleyne, B. D.; Hosein, H.-A.; Jaggernauth, H.; Hall, L. A.; White,
A. J. P,; Williams, D. JInorg. Chem.1999 38, 2416. (b) Hosein,
H.-A.; Jaggernauth, H.; Alleyne, B. D.; Hall, L. A.; White, A. J. P.;
Williams, D. J.Inorg. Chem.in press. (c) Alleyne, B. D.; Williams,
A.; Hosein, H.-A.; Jaggernauth, H.; Hall, L. A.; Foxman, Borg.
Chem, submitted for publication.
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AB and BA pairs are oriented head-to-head and tail-to-tail with 250 1
a mean interplanar separation of 3.36 A, the ring systems being
inclined by only ca. 4 to each other. These—zx interactions
serve to cement adjacent polymer chains to form sheets and
are supplemented by a pair of strong intermoleculaH>-O w07
hydrogen bonds between (i) the methanol oxygen O(33) in one
chain and the carbonyl oxygen O(13) in the next (2.62 A) and
(i) one of the aqua oxygens [O(36)] in one chain and the
carbonyl oxygen O(23) in the next (2.64 A). [Although the
methanol and aqua hydrogen atoms could not be located, an
analysis of the spacial relationships of the proximal potential
donors and acceptors indicated an unambiguous pattern for the
hydrogen bonding interactions.] The other coordinated donors
are involved in intrachain ©H---O hydrogen bonds, with the
methanol oxygen O(31) being linked to the carbonyl oxygen
0(12) (2.76 A) and the aqua oxygens O(35) and O(36) linking 501
to the carbonyl oxygens O(22) and O(2) at 2.73 and 2.79 A,
respectively. The structure contains an ordered methanol solvent
molecule [O(40)-C(41) in Figure 1], which is hydrogen bonded

150 +

int {abu)

100 +

to the aqua oxygen O(35) at 2.67 A, and also cross-links adjacent 0 . . , . . . 7 .
w—am stacked/hydrogen bonded sheets via a further hydrogen 300 350 400 450 500 550 600 650 700
bond to the carbonyl oxygen O(22) (2.73 A). wavelength (nm)

Complexesl—3 offer an interesting series of structural motifs Figure 5. Emission and excitation spectra of europium(lll) phen-

: - : ; ; ; ylsquarate at room temperature (rt) and 77 K: (a) the excitation
for investigating the influence of the dimensionality of the SPECtrum at rtAem = 610 NM,t, = 0.01,t; = 0.01); (b) the excitation

Eu(lll) array on the luminescence spectroscopic and energy spectrum at 77 Kiem= 610 nmt; = 0.01,ts = 0.01); (c) the emission
_tra_nsport behaviot8 In particular, the luminescence character- spectrum at rtAex. = 360 nm,t; = 0.01,ts = 0.01); (d) the emission
istics of [ Eux(H20)a4} 2(C404)3] at room temperature and 4 K spectrum at 77 Kiexe = 360 nm,t; = 0.01,t; = 0.01). Insert £):
were recently described by Donega ett&land Legendziewic Expansion of 626700 nm region.
and indicated severe temperature dependence, but no systematic . | (involved i dedror i . d
variable temperature studies were performed. We thus soughter?'na (;]nvo }/e In extendedr-z l:jnggfrfacﬂonsl)( gln rt]wo b
to study the comparative temperature evolution of the lumines- ridging phenylsquarate anions could differ markedly, thereby
cence behavior of B in the [Eu(HO)4]2(C404)3 layers,{ Eu- generating a net crystal f'.eld of mu_ch lower symmetry @%‘5‘
(u-CeH5C403)2(CeH5C403)2(CH3OH)o(H20)2+ (CH3OH)} n chains, at the Eu(lll) center. \5/Vh|le7th|§ might explain the significant
and{ Eufu-(CeHs)2NC4O3]2[(CeHs)2NC4O3][NO3][H 2014} 2+4H,0 InttenSItleS of thle Etr( Dot_} R t[#] N 0’2])| tran_SIttlonst, it ?oei ;
dimers in order to establish the factors responsible for the severenﬁ plgrs#asnt/)ey aCC(ﬁun dor 5%\/_e>r73|/: oW Intensi ch.’ » Wha
temperature dependence dfEfL(H20)4}2(C404)3]n and the S 0‘6 then be, ar;la olvve Eu bo h 2) trar;sgor:“( |.ute
influence of the dimensionality of the Eu(lll) ion array on the 5)- nce again, t N e'ectron|7c enavior ot uiin aa
energy transport regime. coordination sites’ is em_gmat?c. Perhaps deta_|led theoretlc_al

Luminescence Spectroscopyn sharp contrast to the crystal- analyses of ligand polar|z7at|on effect_s on various crystal field
line europium(lll) squarate (coordination site symmetryl2a), components of the Emf Fj levels (including quadrupolar

; 7 effects) might be helpfif

the compound europium(lll) phenylsquarate (also coordination

site symmetry caD4q) luminesces at room temperature (albeit of ?zst'?c?;;hteeriufr‘;ﬂpél(lgitrs:esgg}se’aﬁees@f}fg dssri(i:;rsljigqn
weakly) and exhibits a strong red emission at 77 K (Figure 5). P g

For Eulll) at a strictlyDy site, the E&"(*Do—F) (j = 0, 2, at lower Wavelgngths that i; due to.o.verlapping squqratéﬁ*ihg

3) transitions are forbiddenHowever, for bothl (Figure 5) gnd_ p_henyl moiety electr_onlc transitions. The emission at K
and 2 (Figure 4, ref 7b) the so-called hypersensitive*&u is sn’_mlar except for the_dlsappearance of squarate emission and
(°Dg—7"F,) transition dominates the emission spectra. For both relatively greater prominence of the broad undgrlymg f?atwe
1 and2 the strictly forbidden E#(°Dg—"Fp) transition is also (550-700 nm) (Figure 5d) due to the phenyl moiety, which is

: i 5M) <7 =
noticeable; this is usually symptomatic of E1at a site of low g]bs%?ogorfg elgg?Lh%V?élssF)or:/V I:Ee Ethl(eEJI suFt;]st[ifuentsOé%(]a) better
symmetry Gy, o less) While the arrangement of oxygen atoms sensit[i)zers for EY (°Do—"F2) émissFi)on tr):an the squarate rin
around Eu(lll) ions in botd and2 is close taD4q, the effective o T2 € s . 9

oo . even though the latter is in direct contact with the>Eion.
symmetry of the crystal electric field at those Eu(lll) ions may Thus at room temperature the excitation spectrum oFEu
be different. For example fdt, the individual contributions of (°Dg—7F>) emissionpis dominated by a poor F:esolved absoro-
the two water and two methanol molecules as well as two . ° 2 y -p y 3 7 P
tion envelope centered at 400 nm; sharp®HiD,;—"F))

i i i 7
(5) (a) Gajadhar-Plummer, A. S.; Kahwa, I. A.; White, A. J. P.; Williams, absorlptlons, |ncIU(|1|n_g thefhlm b?nd SySterﬁﬁliDJ Fy) due
D. J.Inorg. Chem.1999 38, 1745, (b) Blasse, Gnorg. Chim. Acta  t0 Boltzman population of low-lyingFy, are also present. At

1988 142, 153. (c) Thompson, L. C.; Kuo, S. @org. Chim. Acta low wavelengths, absorptions typical of the squarate moiety (as
(19)82. 1‘:;9 305J~ (g)csmf&a ghp'; Bl;;éeib '5"30|1-0P%% 15(’]5)59,\/'16' 2853- observed in the excitation spectrum 22 appear as weak
e) Fasberg, J. oord. em., , . ason, S.
F.- Peacock, R. D.» Stewart, Ehem. Phys. Let1974 29, 149. shoulders_ a_lt wavelengths: 350 nm. At 77 K both the

(6) Kahwa, I. A.; Parkes, C. C.; McPherson, G Rhys. Re. 1995 B52, characteristic squarate (at ca. 350 nm) and the phenyl (at ca.
1177. 400 nm) absorptions are strong, but the latter is narrower

(7) (&) Ribeiro, S. J. L.; Goncalves, R. R; de Oliveira, L. F. C.; Santos, compared to the corresponding transition at room temperature,
P. S.J. Alloys Compd1994 216, 61. (b) Donega, C. de M.; Ribeiro, . .
S.J.L.; Goncalves, R. R.; Blasse, & Phys. Chem. Solids996 57, and the hot band at ca. 533 nm is not observed. Thus in

1727. (c) Legendziewicz, Acta Phys. Pol. A.996 90, 127. europium phenylsquarate the ligand efficiently sensitizés$ Eu
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100 +

80 +

60 +

int (abu)

40 4

,

D5+,
SN

560

20 +

5

t t + d
260 360 460 660 760

Wavelength {nm)
Figure 6. Emission and excitation spectra of europium(lll) (diphen-
ylamino)squarate3d) at 77 K: (a) the excitation spectrum with, =
610 nm,t; = 0.01, andy = 0.1; (b) the emission spectrum witlg,. =
520 nm,ty m= 0.05, andy = 0.05. Insert£): Expansion of 626700
nm region.

(°Dg—"F;) emission because of direct liganBu interaction due
to extended delocalization involving theorbitals of the phenyl
substituents and £&rings via conjugation as evidenced by the
short Gneny—Ca bonds. It was therefore interesting to study the

Alleyne et al.

generally exhibited by exciplex and excimeric sté#t&xcimer/
exciplex formation may be favored by the enhanced potential
of m—u interaction arising from the reduced separation of the
Cy-cycles of neighboring (diphenylamino)squarate ligand groups
li.e. 3.630(7), 3.591(7), and 3.565(7) A at 293, 203, and 96 K,
respectively]. Compared to the contribution of the-(§cle)-
to-europium(lll) energy transfer (Figure 6), the extended
electronic interactions between the diphenylamino substituent
and the G-ring along with the concomitant exciplex/excimer-
type states are more efficient sensitizers of'HiDy—'F)
emission. To better understand these processes and the remark-
able temperature dependence of thé'iDy—’F)) emission,

we undertook a comparative study of the temperature evolution
of the luminescence decay behaviorlof3.

Luminescence Decay Dynamics of Ef(°Dg) Emission in
Crystalline Double Layers of [Eux(H20)4]2(C404)3 (2). The
luminescence decay curves of [LnfB)4]2(C404)3 are severely
temperature dependent. Indiscriminate excitation of the fgd
Euw 0AH20)4]2(C404)3 complex atT < 233 K leads to perfect
single-exponential decay behavior, following an excitation build
up (e.g. ca. 2.& 10° st at 77 K); thereafter marginal deviations
from single-exponential behavior are observed. Following direct
excitation of thé®Dg level, the pure europium compl@{eatures
perfect single-exponential behavior for< 243 K; thereafter
the emission is weak and deviates marginally from single-
exponential decay behavior. At 77 K and indiscriminate
excitation at 337 nm, the decay curve ffieatures an excitation
build up of ca.4.8x 10° s 1 which corresponds to the decay
rate of the E&"(°D;—"F) emission of ca.4.8 10° s™L. This
means that ligand-to-europium energy transfer in these com-
pounds is very fast relative to internal conversions from upper
states to EW(SD()). In both [Gd),ggELb_oz(HgO)4]2(C404)3 and2
the spontaneous decay rate is ca. ¥.00° s~1. However, the
temperature-dependent decay rates of°’gemission in the

luminescence characteristics of europium (diphenylamino)squaratedilute compound [GglegEto.0oAH20)4]2(C404)3 are marginally

(3) in which significant interaction between the nitrogen lone
pair of the diphenylamino substituent and therDg is also
evident from the short NC4 bond length [1.37(9) A] compared
to the N—Cphenyi bond [1.42(1) AJt2

The emission spectrumidyc = 360 nm) (Figure 6b) of
europium (diphenylamino)squarat® @t 77 K is dominated by
the EF*(°Dg—"F,) transition. EG*(°*Dg—"Fj[j=0,1,4]) transi-
tions are also observed which is consistent witl'Buoeing at
the low-symmetry site (distorted monocapped square antiprism
which, additionally, is derived from different types of oxygen
atoms [Figure 2, ref 1b]). No emission is observed at room
temperature. With smaller delay and gating times thé"Eu
(°D1—7F) and a broad weak underlying emission are also found.
The excitation spectrumi{m = 610 nm) features a very broad
asymmetric absorption bandl ¢ 370 nm) (Figure 6a); no sharp

europium bands are observed. The squarate absorptions centere
at ca. 330 nm are very weak, which shows that the intense broad

absorption { > 370 nm) due to electronic transitions within
the extensively delocalized (diphenylamino)squarate ligand are
good sensitizers for EBu(*Dg—’F;) emission. This broad
absorption results in a low-energy broad emission (at ca-540
700 nm), which overlaps well with the Eu(lll) absorptions,
especially the E¥r(°Dg—'Fj). The electron delocalization,
involving largely the lone pair on the nitrogen atom (the
pyramidalization on the nitrogen site is very small) and the C
cycle, was described in detail previouslWhile the broad

but systematically lower than those of the pure europium
compound?2. This indicates that at low temperature energy
migration in crystals of the pure two-dimensional europium
compound? is active but traps for europium(lll) excitation are
under these conditions not efficient enough to significantly
guench the metal emission. An Arrhenius plot utilizing eu-
ropium(Ill) °Dg emission decay rates derived from temperature-
dependent single-exponential decay curves reveals the thermal
barriers of ca. 3.2 10° cm~t mol~1 for [Gdg.ggEUp.0AH20)4] 2-
(C404)3 (at 77 < T < 273 K), 1.4x 10 cm~1 mol~ for 2 (at
203 < T < 243 K), and 3.3x 10® cm~! mol~! for 2 (at 243<
T < 263 K). The biphasic temperature dependence of the
concentrate@ complex was confirmed by a study of its more
luminescent, deuterated derivative, [Ln(4]2(C404)s3, for
which the thermal barriers are ca. 8410 (193 < T < 223
and 3.2x 10° (233 < T < 263 K) cnt! mol~%. The large
fference between the thermal barriers of the dilute Eu/Gd and
concentrated hydrat2 and its deuterated derivative indicates
significant differences in Etf(°*Dg—F;) luminescence quench-
ing mechanisms. For the dilute [@&EU 0AH20)4]2(C404)3
compound energy migration on the europium(lll) sublattice is
inefficient, and therefore a higher thermal barrier is required to
bridge the emitting EXr(°Do) state with that of some (unidenti-
fied) higher energy (20 500 cry) trapping state. The most
significant luminescence-quenching pathwayZaequires fast
energy migration on the Et(°Do) sites followed by phonon-
assisted energy transfer to thermally accessible trapsT(fer

absorption commences in the same general region (at ca. 370,43 K). Above 243 K, the luminescence decay kinetic®of

nm) as the phenyl absorption of the phenylsquarate complex,
the spectral profile (Figure 6a) seems roughly similar to those

(8) Winnik, F. M. Chem. Re. 1993 93, 587.
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Figure 7. Dependency of the 297 K luminescence decay curves of
EW*(°Do) (emission, 610 nm; excitation, 580 nm) on the concentration
of Dy3Jr quenchers n{ EUj_—nyx(lLt-CeH5C403)2(C6H5C403)2(CHaoH)z-
(H20)2:(CH30H)}, chains.

are similar to those of the dilute [Ge&dEUy.0AH20)4]2(C404)3
compound in which europium emission quenching by the
presumed (unidentified) traps at ca. 20 500 ¢rare efficient.
Further insight was sought from compouridand 3.
Luminescence Decay Dynamics of Ei(°Dg) Emission in
Crystals of the One-Dimensional Complex with {Eu(u-
CGH 5C403)2(C6H 5C403)2(CH3OH)2(H 20)2‘ (CH 3OH)2} n Chains
(1). The luminescence decay curves of®Etollowing direct
excitation of the®Dg level at 580 nm in the one-dimensional
chain compoundl are perfectly exponential for over five
lifetimes and are temperature independentTor 220 K; the
corresponding spontaneous decay rate of the europiurfipigl)
emission is ca. 5.% 1% s™L ForT > 220 K the decay curves
are also perfectly single exponential, but they are temperature
dependent, the corresponding thermal barrier being cax1.9
10 cm™L. Introduction of inert Ln(lll) ions such as Ba does
not affect the decay behavior significantly, but paramagnetic
ones, namely, St and Dy?**, do quench the europium(II¥Dg
emission in a manner approximating Stelolmer kinetics?
The decay curves remain perfectly exponential at 77 K
throughout the concentration ranges<Ox < 0.9 for {Eu—x-
Lnx(,u-CGH5C403)2(C€,H5C403)2(CH30H)2(H20)2-(CH30H)} n, LN
= Sm, Dy (Figure 7). Introduction of scatterers, such a%'|a
in mixed europium-dysprosium samples did not result in the
large reductions in decay rates expeeféd1ifor dominant one-
dimensional energy transport regimes. For example, for
{ (Euo.7DY0.2)(u-CsHsC4aO3) 2 CsHsCaO3)2( CHzOH)(H20 Yo+ (CHs-
OH)} » and{ (Ep.71-80.1DY0.17) (4-CeHsCa03)2( CeHsCaO3)2( CH3-
OH),(H20)2*(CH30H)}  the decay rates of Et(°Dg) emission
were of similar magnitude, 6.4 10° and 5.9 x 10 s1,
respectively. The energy transport regime is therefore predomi-
nantly multidimensional despite the large difference in the
shortest intrachain (8.265 A) and interchain (13.742 A)-Eu
Eu separations. This strongly suggests that#u interactions
are very strong and energy transport is in the dynamic re¢fime.
The direct nearest neighbor £uto Ln3" energy transfer rates
obtained at 77 K for dilute sampl€&Eup 14N gg) (1-CeHsC403)2-
(CGH5C403)2(CH30H)2(H20)2~(CH30H)} mn 2.9 x 108 s (Ln
= Sm) and 2.7x 10® st (Ln = Dy), are similar to those
estimated from the corresponding Stekolmer plots (3.4x
10 and 3.1x 103 s 1 for Ln = Sm and Dy, respectively). With
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the assumption that energy transfer is predominantly by dipole
dipole interactions and with application ofthérbter—Dexter
relationship? [k(Eu—Ln) = C/R", the dipolar coupling constants
(C) responsible for the energy transfer at 297 K are weak, ca.
1 x 10750 mé s for both Eu-Sm and EuDy couples,
respectively k(Eu—Ln) equals the direct energy transfer rate
from EWT(°Dg) to Ln®"; Ris the shortest EuLn separation;
andn denotes the order of the multipolar interaction, which is
6 for dipoles.

Luminescence Decay Dynamics of Ef(°Dg) Emission in
Crystalline Complex with Discrete Dimers { Eu[u-(CeHs)2-
NC403]2[(C6H5)2NC403][NO 3][H 20]4} 2‘4H20 (3) The lumi-
nescence decay of E{(°Dg) emission (excitation at 580 nm)
in crystals containing small amounts of ¥u ions,

{ (B 2d50h 80)[4-(CeHs)2NC4O3] 2[(CeHs)2NC4O3][NO3][H 2014} 2*

4H,0 (4), are temperature independent for< 80 K. The
corresponding spontaneous decay rate extracted from the single-
exponential curves is ca. 7.0 10° s1. For T > 80 K the
temperature dependence is biphasic: for<80 < 200 K, the
thermal barrier to the quenching of the®(?Dg) emission is a
phonon of ca. 76 crt, while that of 200< T < 320 K is ca.

2.0 x 10 cmL. On the other hand, the decay behavior of Eu
(°Do) emission in the pure europium complgxis temperature
independent only up to 20 K, the spontaneous decay rate, 6.1
x 10 s71, being of similar magnitude to that of the dilute
europium complexX. Luminescence from compourddfeatures
single-exponential decay behavior and a biphasic temperature
dependence with thermal barriers of 64 and 2.20° cm™!

for 20 < T < 155 and 155< T < 230 K, respectively, which
again are very similar to those of the dilute compkXgmission

of 3is too weak to measure &t> 230 K. These results suggest
that similar quenching mechanisms are active for both the dilute
and pure europium complexes, but the population of accessible
guenchers is much higher & compared to those of. For
example, a comparison of the decay rates of ditbgand pure

3 europium(lll) complexes at 220 K (9.8 10° and 9.1x 10*

s71 respectively) reveals much greater quenching 6f Do)
emission in3. Since the decay curves are perfectly single
exponential for both the dilute Gd/Ed and pure Eu/EW3
complexes and the thermal barriers are very similar, the results
show that EB"—EW" electronic interactions are strohg# 61113
Thus, many more active quenchers, which are common to both
3 and4, are encountered (via energy migrationithan in4.

As is the case for compoundsand2, energy migration on the
Ew' sublattice in3 is so efficient that energy transport is in
the dynamic regime despite the relatively large differences in
the closest intramolecular (6.264 A) and intermolecular (9.201
A) Eu-+-Eu separations. Furthermore, introduction of lanthani-
de(lll) traps into the dimeric complex producedEw —xLny).-
[1-(CeH5)2NC4O35] 2[(CeHs)2NC4O3][NO3][H 20]4} 2:4H20 (Ln =

Sm, Dy) crystals in which quenching of E{’Dg) emission
yields perfectly single-exponential decay curves expected of a
dynamic energy transport regime and approximate Stern
Volmer quenching kinetics. The direct 77 K £un transfer
rates (1.3x 10°s* (Eu—Sm); 7.8x 1% s~ 1 (Eu—Dy)) derived
from corresponding Sterr\Volmer plots are of the same order

of magnitude as those obtained from decay curves of samples
containing small amounts of Etiions, e.g. 1.3x 10® s1 for

{ (EWo.025m 99)2[-CeHs)2NC403] o[ (CeHs)2NC4Os5] [NO3|[H 20]4} o
4H,0. Again with the assumption that the energy transfer is

(9) Stern, O.; Volmer, MPhys Z 1919 20, 183.
(10) Huber, H.Phys. Re. 1979 B20, 2307, 5333.
(11) McPherson, G. L.; Waguespack, Y. Y.; Vanoy, T. C.; Rodriguez, W.
J.J. Chem. Phys199Q 92, 1768.

(12) (a) Dexter, D. LJ. Chem. Phys1953 21, 836. (b) Foster, T. Z.
Naturforch 1949 49, 321.

(13) Howell, R. C.; Spence, K. V. N.; Kahwa, |. A.; White, A. J. P;
Williams, D. J.J. Chem. Soc., Dalton. Tran$996 961.
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predominantly dipolar and with application of the rber— then the energies required for the requisite metal-to-ligand back-
Dexter relationship, the coupling constants responsible for the energy transfer. This argument is plausible for compaolifat
Eut(°Do) to Ln" energy transfer are & 10-52and 8x 10758 which introduction of inert Ln(lll) ions such as Badoes not

m® s71 for Ln = Dy and Sm, respectively. affect the decay kinetics significantly. However, the quenching

activity of such low-energy ligand states should not have to
depend on energy migration as the decay dynamics of com-
Europium—europium electronic interactions in complexes of Pounds2 and3 suggest (vide supra). The plausible explanation
europium(lll) with squarat and the monosubstituted squarate i, in this case, that a few active traps which are ca.£3.0)
ligands, phenylsquaratt and (diphenylamino)squarageare x 10° cm™* mol~! above the emitting EU(°Do) state are
very strong and multidimensional. As a result, the energy dispersed in the crystals and are accessible #(Eo) excitons
transport process in all the complex systems studied is in theVia rapid energy migration. However, such complicated ther-
dynamic regime irrespective of the structural dimensionality of Malized Ed*(*Do) emission quenching kinetics (with thermal
the emitting metal ion array. The Eu(H)Sm(lll) and Eu(llly barrier ca. 2< 10° cm™?) can involve the E¥ (°D,) state even
--Dy(Ill) electronic couplings are much weaker than those of though its exact role and the associated processes are not yet
Ew*--EW*. Since energy migration efficiency is high in clear!*Indeed in one such case excitation ofHPDg) produced
crystals dominated by dimeric, chain, and layer arrays @fEu  anti-Stokes E¥ (°Dy) emission'*® Given the prominent differ-
ions, the E&"(5Dy)-+-EL3*(°Dy) electronic interactions respon-  €nces in the excitation spectra bf3, common E&"(°Do) to
sible for the migration process are largely through space rather EU'(°D1) internal conversion may indeed be the important rate-
than exchange. Taken together, the luminescence quenchindimiting step instead of some direct Ey’Do)-to-organic-type-
dynamics of the dimeric3), chain (1), and layer 2) compounds ~ {rap energy transfer.
are unequivocal in indicating that thermalized quenching is
predominantly by fast migration on the Ewsublattice to traps.
The excitation spectra of compounds(Figure 5c; note the

Conclusions
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