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Abstract: Quenching of the luminescent excited state o¥'Eons by G-H high-vibrational modes was studied by
deuteration of the encapsulating ligand and the solvent. Novel polydentate hemispherands providing nine donor
atoms, which form overall neutral complexes with rare earth ions, were synthesized in nine steps, allowing the easy
incorporation of deuterium atom&{a—d-Eu®"). The introduction otert-butyl groups at the aromatic rings of the
ligand further increased the solubility of the complexes in organic solvé&tE 3+ and34-Eu3"). Photophysical
studiesyiz., luminescence spectra and lifetime measurements, revealed that significant quenching &f esecEed

state is induced by nearby-@ vibrational modes. Substitution of these quenchingHCmodes for G-D bonds

in the azacrown bridge leads to an enhancement of the luminescent lifetime by a factor of-H&high-vibrational

modes of the pendant arms which are at a larger distance to fddfuthan the azacrown bridge hydrogen atoms
(determined from the MD calculations) are less efficient quenchers. The number of coordinating methanol molecules
to 11aEud", 29-Eudt, and34-Eu®" estimated by the “Horrocks equation” is 0.9, 1.2, and 1.9, respectively, as was
predicted by MD calculations. Moreover, the experimental data show that quenching of the excited state of well-
shielded E&" ions by the G-H modes of the ligand is of the same order of magnitude as quenching by-eHe O
mode.

Introduction In this way shielding from any effective quenchers which may

The unique photophysical properties of lanthanide ions and be present in _thel_r chemical environment can be achieved.
their complexes in solution have been studied for several decade£€Sides ©-H vibrations, also €H groups are able to quench
because of their potential application in solid state lasers andthe excited state of the rare earth ions, as was demonstrated by
in labeling of biomolecular structurésThe energy transitions ~ @pPplication of deuterated solvents, like (§EC=0 and CQ-
within the 4f shell of the lanthanide ions are Laporte forbidden, CN, and by using coordinating deuterated anions like@DO .8
leading to low absorptivities and relatively long luminescence Especially in the case of small amounts of solvent molecules,
lifetimes. It is well known that the excited state of the the quenching by other high-vibrational modes, likel€modes
lanthanide ions is efficiently quenched by interactions with high- frequently present in organic molecules, cannot be neglécted.

energy vibrations like ©H and N-H groups? Especially, the
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Chart 1 converted into bromomethyl groups with RBIn toluene at 0
°C (83% yield).

The diol6a, needed for the subsequent ring closure reaction,
was obtained in quantitative yield by the alkylation of dietha-
nolamine with 1-bromooctadecane in refluxing acetonitrile. The
macrocyclization of the dibromid® and the diol6a was
performed in THF with NaH as a base under high-dilution
conditions (Scheme 2). After purification by column chroma-
tography the cyclic produdtawas obtained in 58% yield. The
IH NMR spectrum shows an AB-quartet for the benzylic
= hydrogens abd = 4.72 and 4.39J= 11.7 Hz). The macrocyclic

11a ring of 7ais further evident from the twmetacoupled doublets
for the outer phenyl rings atdy = 7.05 and 7.01J = 2.0 Hz)

In this paper a novel polydentate ligand, based on a @ndasingletab = 7.21 for theinneraromatic hydrogen atoms.
hemispherand, with additional pendant arms at the phenolic [N principle, two different conformations of the structure are
oxygen atoms is reported (Chart 1). This ligand is preorganized Possible: (&) one in which the alkyl chain is pointing toward
to deliver nine donor atoms: three carboxylic oxygens, five theinnersubstituent and (b) one in which this group is at the
ethereal oxygens, and one nitrogen atom. Molecular modeling Same face of the molecule as theter substituents. ThéH
indicates that these nine donor atoms are able to coordinate tdNMR spectrum, however, only shows one set of signaide(
the spherical trivalent lanthanide ion and provide efficient infra).
shielding. A route for the synthesis of this ligand (depicted in  Deallylation of the cyclic producta was accomplished in
Schemes 1 and 2) has been developed, which allows the86% yield with the Pd(PRj, complex and EN-HCOOH in a
incorporation of G-D groups with readily available reagents, Mixture of ethanol and water (v/v 5:¥). The trieste9arNaClO4
without changing either the synthesis route or the coordinating Was obtained in quantitative yield by alkylation of the phenolic
nature of the ligand2 Three ligands with different numbers of ~ 0xygens with methyl bromoacetate in acetonitrile, withCiO;
C—D groups incorporated in the pendant arms, the azacrownas a base. The base-catalyzed hydrolysis of the triester
bridge, or both have been synthesized and photophysically 9a-NaClO,was carried out in aqueous methanol in the presence
studied to assess the extent of quenching caused by variads C ~ 0f NaOMe, giving triacidlOain almost quantitative yield. Also
bonds. In addition, two ligands wittert-butyl groups substi- in the case of the triacid only one conformation is observed in
tuted at thepara-positions of the aromatic rings of the the'H NMR spectrum. Complexation of Etiin the preorga-
hemispherand have been prepared, in order to improve thenized tricarboxylate was simply achieved by reaction of triacid
solubility of the complexes. The present study is focused on 10awith 1 equiv of EuC{-6H,O in methanol, in the presence
the EG* ion because the well-documented luminescent proper- of 3 equiv of EtN as an HCI scavenger. From the FAB mass
ties of this ion allow a critical assessment of the shielding spectrum of the compleklaEu®" which shows a peak a/z
properties of the Organic ||gand = 10264, Corresponding to the (M‘ H)+ peak (CalCd for

The ultimate goal of our research is the development of a CsiH71NO1Eu 1026.4) and elemental analysis we conclude
polymeric material for an optical amplifier which contains thata 1:1 E&"/11acomplex is formed. Furthermore, the FAB
lanthanide ions, like Pt and N&* for the 1.3um wavelength mass spectrum shows peaksnaz = 968.5 and 908.3 which
region, or E#* for the 1.54m wavelength region, complexed ~correspond to [(M— CH,COO)'] and [(M — 2CH,COOJ'],
by organic ligands. In optical telecommunication lanthanide "€spectively; the characteristic isotope pattern oFEsiclearly
ions dispersed in inorganic glasses are presently used as opticapbserved for these peaks too. Complete deprotonation is
amplifiersl® Design criteria for organic rare earth ion com- Obvious from the peak in the IR spectrum at 1608 &mhich
plexes which are optimally suited for optical amplification are; €an be attributed to the COOstretching vibration, and,
(1) a long luminescent lifetime, which requires efficient shield- Moreover, the absence of the carbonyl stretching mode of the
ing of the ion from quenching substances, and (2) good solubility triacid 10a located at 1748 cni.

in the organic matrix, to prevent aggregation of the complexes. MM calculationd® of the minimal energy of the E
complexes with the alkyl chain pointing at different sides of

Results and Discussion the molecule (structuresandb, vide suprg, in the gas phase,

) ) ) shows that structurb in which the alkyl chain is at the same

Synthesis. The hemispherands with three pendant carboxy- face of the molecule as the outer pendant arms is more stable

late groups were synthesized starting from the known terphenylpy 9 3 kcalimol. Therefore, it is likely that only structusés
1* The dialdehyde was obtained in 70% yield by heating a  formed in the cyclization reaction and this structure is used for
3.5 days, followed by hydrolysis at 6@C (Scheme 1). The The partially deuterated triacidsOb—d were obtained via
phenolic oxygens were protected in nearly quantitative yield the same synthesis route as described above, using the deuterated
by reacting2 with 3-bromo-1-propene in aceto_nltnle Wl_th24_( diol 6b and/or BrCDCOOMe as reagenid. Diol 6b was
CQs as a base. The dialdehy@ewas reduced in quantitative  gpiained in 70% yield by the alkylation in 1-propanol of

yield with NaBH, in a mixture of methanol and THF (v/v 1:1) octadecylamine with ethylene oxidk: The E¢+ complexes
at 0 °C. Subsequently, the benzylic alcohol groups were

(12) Hey, H.; Arpe, H.-JAngew. Chem., Int. Ed. Endl973 12, 928—
(20) (a) Jungbluth, E. DLaser Focus World 991, 141. (b) Desurvive, 929.
E. Sci. Am.1992 96-103. (c) Dakss, M. L.; Miniscalco, W. &PIE Fiber (13) The calculations were carried out following the protocol described
Laser Sources Amplifiers 199Q 1373 111-124. (d) Tropper, A.; Smart, in van Veggel, F. C. J. M.; Reinhoudt, D. Recl. Tra.. Chim. Pays-Bas
R.; Perry, |.; Hanna, D.; Lincoln, J.; Brocklesby, BPIE Fiber Laser 1995 114, 387-394.
Sources Amplifiers 11990 1373 152-157. (e) Runge, P. KAT&T Tech. (14) The base-catalyzed hydrolysis of the triesters which contain deu-
J. 1992 5-13. terated arms9c and 9d) and the complexation reactions usifi§c and

(11) Koenig, K. E.; Lein, G. M.; Stuckler, P.; Kaneda, T.; Cram, D. J. 10d were carried out in methandl-in the presence of fID to prevent the

J. Am. Chem. S0d979 101, 3553-3566. exchange of deuterium atoms by hydrogens.
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Scheme 1.Synthetis Route Leading to Dibromide
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Scheme 2 Synthetis Route Leading to the EuComplexeslla—d-Eu3t
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Scheme 3.Synthetis Route Leading to thert-Butyl-Substituted Terphenyl Moiety9
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11b-Eudt, 11cEudt, and11d-Eu®" show peaks in their FAB 167 were prepared according to literature procedures. Dibro-
mass spectra ab/z= 1034.6, 1032.5, and 1040.5, respectively, mination of16 with Br; in chloroform at room temperature gave
corresponding to the calculated values of fMH)*. For these 17 in 88% vyield. Compoundl7 was subjected to a double
peaks the isotope pattern, characteristic fof'Eus clearly Suzuki coupling® in a mixture of benzene, ethanol, and 2 M
observed. The IR spectra of all deuterated complexes showaqueous sodium carbonate with 2 equiv of boronic d&dn

two C—D stretch vibrations at 2097 and 2207 thhwhereas the presence of a catalytic amount of Pd(§lPhThe terphenyl
pendant arm-deuterated complegéds Eu3t and11d-Eu3* both 18 was obtained in almost quantitative yield and was subse-

ShOW,an additional absc?r.ptlon at 2156 ¢m . . (16) Helgeson, R. C.; Czech, B. P.; Chapoteau, E.; Gebauer, C. R,
To increase the solubility of the Eticomplexes in organic Kumar, A.; Cram, D. JJ. Am. Chem. Sod989 111, 6339-6350. The
solvents, the methyl groups at the terphenyl ring were replacedprczcl%ilgf Wasv\fllgthla m%dmeg FB C. M.: Good LA Hart
son Ipsher uess, oodman, ar
by tertbutyl groups, starting fronp-terebutylphenol (2) as ;- 50075 H 3 Gibbons, L. 0. Am. Chem. 00947, 69, 2451
depicted in Scheme 3. The compouri®!® 14,15 156 and 2454,

(18) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457-2483 and
(15) Rosenwald, R. HJ. Am. Chem. S0d.952 74, 4602-4605. references cited therein.
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methanol in the first coordination sphere of the3Euon,
whereas two molecules of methanol coordinate3teEus",
probably due to the absence of the sterically crowded alkyl
chain. The solvent molecules all coordinate at the face of the
two outerpendant arms. Further data extracted from these MD
simulations that are relevant for the discussion concerning the
photophysical properties of the Eucomplexes are summarized
in Tables 1 and %°

Photophysical Studies. By studying the luminescent proper-
ties of the EG™ complexes, the influence of (changes in) the
chemical environment, like the number and the distance of high-
vibrational modes (GH, C—H) to the E&" ion, can be
established. The excitation spectra of 4M solutions of
11d-Eu®t and EuC4-6H,0, detected at 617 nm (the hypersensi-
tive Do — F; transition of E&") in methanolel,, depicted in
Figure 2, show the typical excitation bands forPEat 393 and
464 nm. A significant increase in luminescence intensity is
observed when excitation is carried out in the UV region of the
spectrum due to sensitized emissténMoreover, the spectra
for 11d-Eus* and11aEus" in methanold; depicted in Figure
2 show that the luminescence intensity is increased upon
deuteration of the ligan#?

The luminescence spectra of 0M solutions of the E&
complexes in methanal; after excitation at 393 nm are depicted
in Figure 3, showing the typicaDo — 7Fj EL?" transitions'a4a5a6a
These spectra also indicate that luminescence enhancement is
obtained upon ligand deuteration with the anticipated increase
11d-Eudt > 11b-Eu®t > 11cEu®" > 11aEust. This increase
can be caused by either the reduced quenching of tié Eu
luminescence of the partially deuterated complex compared to
the nondeuterated analogue or a prolonged excited state of the
deuterated ligand itself which leads to a more efficient popula-
tion of the excited state of the Euion. However, lifetime
measurements at 464 nm, exclusively leading to direct excitation
of the E#" ion, showed effects of ligand deuteration analogous
to those of lifetimes measured at 287 and 393 nm, indicating
that the increase in lifetime of the excited state of the ligand
Figure 1. Most stable conformation calculated by MM, with the alkyl ~ €an be neglectet®. Furthermore, lifetime measurements after
chain at the same face of the molecule asdhtrpendant arms: (a, sensitized emission at 77 and 300 K showed that the lifetimes

top) sideand (b)front views. are not temperature dependent to a significant extent; the
differences are all within the experimental error of 10%, which
Chart 2 would suggest that the lifetime of the triplet state is not

The lifetimes of1la—d-Eu®" were determined in 10 M
methanol solutior®$ by excitation at 393 or 287 nm and
recording the intensity of the emitted light of the hypersensitive

X significantly affected.

.0\ 03
N lo] ‘s

(19) Computer simulations carried out with the Naomplex of an
analogue oBa with triethyl ester groups as pendant arms and an oxygen
atom instead of am-alkyl group in the ring have been published. The
< calculated data are corroborated %y NMR spectroscopy and the solid
tBu state structure (Veggel, F. C. J. M. van; Duynhoven, J. P. M. v.; Harkema,
28°Eu: X = NC..H S.; Oude Wolbers, M. P.; Reinhoudt, D. ll.Chem. Soc., Perkin Trans. 2
s A =NGyRyg 1996 449-454).

34Eud: X=0 (20) Details of the simulations will be published elsewhere.
. . ey (21) The excitation spectrum shows that excitation at 393 nm also gives
quently demethylated with boron tribromide in dichloromethane partly ‘sensitized emission.
at 0°C, giving 19 in 81% yield. Compound9 was used as (22) The conditions during the measurements, like slit widths or filters,

the starting terphenyl moiety in the synthesis route described Using solvents which differ in the amount of deuteration (methapeis
for 11la—d-Eudt Sch 1 d 2) leadi he 1:1 methanolds) were not exactly the same, leading in this case to a higher
or 1la-d-Eu®" (see Scheme 1 and 2), leading to the 1:1 jyeensity in methanoth.

complexes29-Eud™ and 34-Eu3* (Chart 2), as confirmed by (23) Laser excitation directly at the Euion at 464 nm using solutions

FAB mass spectrometry, infrared spectroscopy, and elementalof 11aEu®* and11d-Eu®" in methanoley, leads to lifetimes of 0.88 and
analysis 1.40 ms, respectively. Upon ligand deuteration the lifetime is increased by
’ . . - a factor 1.6, in full agreement with the lifetime enhancement observed at
Molecular Modeling. The three different structurddaEu®", other excitation wavelengths. Furthermore, it is assumed that the influence
29-Eudt, and34-Eudt 19 were minimized in the gas phase and of the introduction of deuterium atoms on the positions of the energy févels

subjected to molecular dynamics simulations in a cubic OPLS or on the background density of the states of the organic ligand can be
neglected because the chromophoric system remains essentially the same

box of methanol3 These calculations show that the complexes (Englman, R.; Jortner, Mol. Phys.197Q 18, 145-164). Therefore, the
1laEut and29-Eud* can still accommodate one molecule of energy back-transfer along the seflds—d-Eu3t is assumed to be constant.
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Table 1. Average E&™-Hydrogen Atom Distances (A) and Standard Deviations (in Parentheses) in the MD Simulations
O_HMeOH CHZouter arm CHZouter arm CHZinner arm AI’CHan AI’CHan CHzobridge CHzobridge CHszridgeb CHszridgeb NCHZC NCHZCHZC
11aEudt 2.41(0.06) 3.86(0.20) 4.41(0.21) 4.81(0.15) 3.74(0.19) 3.78(0.16) 3.97(0.17) 3.56(0.13) 3.54(0.15) 3.60(0.16) 3.85(0.30) 3.56(0.39)

(as NG) 4.39(0.11) 4.42(0.17) 4.87(0.14) 4.43(0.11) 4.50(0.11) 4.16(0.12) 4.14(0.09) 4.26(0.08) 4.15(0.10) 4.37(0.26) 4.12(0.46)
29-Eu3 2.27(0.06) 3.89(0.27) 4.48(0.17) 4.81(0.22) 3.74(0.19) 3.79(0.17) 4.04(0.17) 3.60(0.14) 3.45(0.15) 3.61(0.16) 3.44(0.33) 4.57(0.61)
(as NG) 4.46(0.17) 4.48(0.22) 4.96(0.18) 4.45(0.10) 4.49(0.12) 4.07(0.16) 4.16(0.09) 4.24(0.09) 4.16(0.09) 4.01(0.42) 5.01(0.43)

34Eud"  2.28(0.06) 4.51(0.26) 4.34(0.28) 5.14(0.13) 3.70(0.15) 3.65(0.15) 3.96(0.18) 3.93(0.20) 3.89(0.16) 3.82(0.20)
2.29(0.06) 4.73(0.12) 4.70(0.12) 5.15(0.13) 4.45(0.12) 4.46(0.11) 4.14(0.16) 4.06(0.22) 4.06(0.14) 4.04(0.16)

aThe values in the first column correspond to the distance between the axial hydrogen atom arid tbe,Exhereas the values in the second
column give the distance between the equatorial hydrogen atom and hddBu® With X = N for 11aEu" and 29-Eu®t and X = O for
34-Eud*. ¢ Of the long alkyl chain.

40 Table 2. Lifetimes (ms) of the’Dy Excited State Recorded &gm
= 617 nm after Excitation at 393 or 287 nm Using 10/
Methanolic Solutions of Different Deuterated Complexes
lla—d-Eud*?
30
TCHOH TCH;0D TCD;0D TCH5OH TCH50D TCD;0D
I (393 nm) (393 nm) (393 nm) (287 nm) (287 nm) (287 nm)
<L EuCls 0.26 2.53 0.30 2.55
%‘ 20 llaxEudt 0.68 0.97 1.04 0.75 1.17 1.33
§ 11b-Eudt  0.75 1.18 1.54 0.83 1.49 191
£ 11cEu3*  0.68 0.95 1.11 0.73 1.17 1.29
11d-Eud*  0.73 1.26 1.57 0.80 1.52 2.00
10
mA 500 aThe experimental error is10% which was determined from
duplicate and triplicate measurements.
0 L . . . . .
075 475 75 575 results in an increase of the luminescence lifetime by a factor

wavelength (nm) of about 1.5 Surprisingly, deuteration of the pendant arms
does not lead to a significant increase in the lifetime. This

Figure 2. Excitation spectra of 1@ M solutions of (1)11d-Eu®" in . - .
observation can be explained when molecular dynamics calcula-

methanold,, and (2) Eud in methanold,, (3) 11d-Eus* in methanol-

di, and (4)11aEu® in methanolés, detected at 617 nm. tions are taken into account. The quenching of the excited state
is mediated by nonradiative transitions, supposed to take place
16 via electromagnetic interactions, referred to as the inductive
resonance theory of “Fster. The rate constants of such
L 11d.Eu(lll) . - .
nonradiative transitions are, among others, related to the distance
12} 11b.Eu(lll) between the quenching high-energy vibration and the emitting

ion to the power-6.2232.27 The molecular dynamics calculations
show that the distances of the Eion to the hydrogen atoms
of the pendant arms are significantly longer ((3-8687) +
11c.Eu(l) 0.21 A) than those to the hydrogen atoms of the azacrown bridge
11a.Eu(lll) ((8.54-4.26)+ 0.17 A), and hence the efficiency of quenching
by the C-H high-vibrational modes of the pendant arms is
smaller.

The quenching of the Etl excited state by ©H vibrations
is observed by comparison of the lifetimes measured in
methanold; and methanol. In the literature the number of i@
oscillatorsn in the first coordination sphere of Ey in methanol
) o ] ] solutions, has been estimated by the relation 2.1(1fcH,0on
Figure 3. Em|ss_|on spectra of 10 M solutions of11a—d-Eus" in — 1henop), leading to (0.9-1.2)+ 0.5 O—H oscillators® This
methanold;, excited at 393 nm. S ; . .

number was predicted by the molecular dynamics calculations

(Table 5). Furthermore, the solvent (methanol) contributes to
the C-H quenching as well, as can be seen from the lifetime
differences observed in methartland methanoth.?® In the
literature the observed rate constant is defined by eq 1, with
kobsa= Observed rate constaktzynsg= observed lifetimek;ag
= radiative rate constankp = rate constant of quenching by

Intensity (a.u.)
[e<]

0
550 600 650 700
wavelength (nm)

5Dy — 7F; transition (617 nm). In all cases the data could be
fitted to monoexponential decay curves, indicating a unique
chemical environment. The determined lifetimes are presented
in Table 2. These results illustrate that thé Eion is shielded
quite well from the quenchers in the chemical environment: the
lifetimes of the complexes in methanol, (0-68.75 ms) are
significantly larger than the lifetime of Eugin this solvent (25) However, the lifetimes of the luminescent excited state will also be

(0.26 ms). The lifetimes measured for the3EuompIexes in decreased by the reduced symmetry of the coordination sphere around the
) } Ew* ion, leading to more allowed transitions.

methano'_dl are lower (0-951-26 ms) than that_Of Eug(l1.45 (26) The solvent quenching mechanisms are minimal in the case of
ms) 32 which may be explained by the quenching effects of the methanold,; therefore, the effect of ligand deuteration is determined in

high-energy vibrational €H modes of the encapsulating this solvent otherwise the effect may be shaded by solvent quenching.

ligand25 This hypothesis is supported by the observation that Tg\{vever, in methanath the lifetimes are still increased by a factor of about

substitution of C-H bonds for C-D bonds in the azacrown bridge  (27) Faster, Th.Discuss. Faraday Sod959 27, 7—17.

(28) The purity of the methanol used varies from 99.5% to 99.8% which
(24) The same lifetimes, within the experimental error of 10%, were may have a small influence on the lifetimes and on the conclusions drawn

observed using I& M methanol solutions and an excitation wavelength according to the importance of the quenching via different pathways.

of 287 nm which means that concentration effects at*10l can be However, molecular modeling also indicates that the; Girbup of the

excluded. coordinating methanol can have a decreasing effect on the lifetime.




Prolonged Lifetimes of Excited Eulons

kobsd= 1/Tobsd= krad + [kD + kO—H + k(T) + kotheJ nonrad
(1)

J. Am. Chem. Soc., Vol. 119, No. 1, 19943

Table 3. Calculated Rate Constants (msof the Various
Quenching Mechanisms

393 nnt 393 nn¥ 287 nnt 287 nn?
O-D, N-D, and C-D vibrations, ko- = rate constant of L 0.49 0.58 0.59 053
quenching by G-H vibrations,k(T) = thermal quenching, and kel @ 0.31 0.32 0.25 0.23
kother = rate constant of quenching via other pathways. The  kc_yVe 0.20 0.16 0.16 0.15

quenching by ©&-D, N—D, or C—D vibrations is usually

assumed to be relatively inefficient; however, these quenching ey, \, = r¢, 0t —

modes may not be neglected when the maré%) efficient

guenching mechanisms are eliminated. The rate constants for’ ke-+

nonradiative decay via the-€H groups of the solvent, the-€H

groups of the pendant arms and azacrown bridge in the ligand

and the C-H vibrations of the solvent can be expressed by the

equations given in Table 3. The calculated rate constants show

aFrom 11laEu®" and 11b-Eust. ® From 11cEu® and 11d-Eut.
Tchzop & Yke-n'® = [tnp ™t — 78D Ycpsop With
ND = 1laEu®" or 11cEu®" and BD = 11b-Eu®" or 11d-Eud’.

SV = Tepop t — Tepop

Table 4. Lifetimes (ms) of the’D, Excited State Recorded afm

= 617 nm after Excitation at 393 or 287 nm Using 10

Methanolic Solutions of the Complexes witirt-Butyl Group$

. . . . . . T T T T
that the G-H vibrational modes provide efficient quenching of (393nm)  (393nm)  (287nm) (287 nm)
the excited state of the Etiion with an effl'C|en.cy of the same SO ELS 062 0.94 071 120
order of magnitude as that of one—® vibration; however, 34-Eu3t 067 1.76 0.69 181

the quenching by ©H vibrations is still dominant. The most
pronounced effect of substitution ofD for C—H is observed
for deuteration of the bridgd {b-Eu3* compared td. 1aEu®")
and excitation at 393 nm, with calculatéd2rate constants of
Ko-n = 0.49 msi, ke—49 = 0.31 ms?, andke_p5°V = 0.20
ms-1. Hence, the quenching effect of&1 groups close to

aThe experimental error is10% which was determined from
duplicate and triplate measurements.

Table 5. Calculated Number of Coordinating Methanol Molecules
from Lifetime Measurements and MD

- i g e ! Ps L exc 393 nm exc 287 nm MD

the EGJ ion can be quite significant, if the EBtion is well vy
; . . . 1laEu 0.9 1.0 0.9
shielded from the chemical environment by a macrocyclic 20-Eu3t 1.2 1.2 1.2
organic ligand, so that a low concentration of B oscillators 34-Eudt 1.9 1.9 2.0

remains in the first coordination sphere of the*Eion.
The luminescent lifetimes are longer after excitation of the

@ The radial distribution function (RDF) can be calculated from the
production phase, and the integrated area of the peak around 2.3 A

ligand at 287 nm, leading to an enhancement by a factor of gives the number of coordinating solvent molecules.
about 1.2. On the basis of the present results, no definitive

interpretation of the lifetime differences can be given. The determined number of ©H oscillators and those calculated by
present results indicate that the observed rate constant can benolecular dynamics.

expressed by an extended equation with neglect of the thermal

quenching:
kobsd= krad + [kD + I(O—H + kC—HIig + kC—HSOIV + kotheJ nonrad
(2)

The photophysical properties of Eucomplexed by the
organic ligands withtert-butyl groups at the terphenyl moiety,

depicted in Chart 2, were studied with the same approach as

described above. The luminescence spectra recorded fér 10
M solutions in methanoth after excitation at 393 nm (not
shown) show a high increase in intensity 82¢Eu®* by a factor

of about 3 when compared to the ligands withNalkyl chain.

From the equal lifetimes foB4-Eu3™ and 1laEu3t in
methanol, despite the decreased shielding from coordinating
solvent molecules in the case ®4-Eu3*, it can be concluded
that ligand mediated quenching is more importartiaEu3*.

Until now, in the literature the research has mainly focused on
the shielding of the B2 ion from the chemical environment,

but the present results indicate that other quenching mechanisms,
like by the C-H modes of the ligand or the solvent, are
important as well. However, deuteration of the chemical
environment of the EiI ion increases the relative importance

of the shielding of the ion from the solvent again.

Conclusions

This may be due to (a) the decreased quenching upon deuteration

of the two coordinating solvent molecules instead of one for
11aEu®t and 29-Eu3t, (b) the absence of quenching by the
C—H bonds of the two methylene groups of tNealkyl chain,
some of which are calculated to be within the “quenching
distance” of the E¥ ion (Table 1), or (c) differences in
interaction between the Euion and the ligand, leading to

A significant lifetime enhancement by a factor of 1.5 is
obtained by only partial deuteration of the encapsulating ligand.
It has been shown that the quenching efficiency is dependent
on the distance between the high-energy vibrational quenching
mode and the lanthanide ions, in agreement with thestEo
mechanism. Further deuteration of the ligand may lead to even

changes in the symmetry of the chemical environment around longer lifetimes as can be concluded from the photophysical

the EF+ ion.Sed
The lifetimes (reported in Table 4) @-Eu®" dissolved in
methanol and methandl; and of34-Eu3* in methanol, excited

studies comparing the ligand with the crown bridge and the
ligands with theN-alkyl chain in the ring. It is obvious from
the equal lifetimes in both cases with one and with two

at both 393 and 287 nm are equal within the experimental error coordinating methanol molecules that not only the shielding

to those of the nondeuterated complekaEu®t. However,
upon solvent deuteration the lifetimes3#Eu3* are increased
by a factor 2.6 compared to a factor 1.5 fdrer Eu®", indicative

of a larger number of coordinating solvent molecules in the
former complex. The experimentally determined number of
coordinating methanol molecules is 149 0.5 for 34-Eu3t,
whereas the lifetimes detected fbtaEu3t and29-Eust lead

to estimates of 0.2+ 0.5 and 1.2+ 0.5 coordinating MeOH

properties are important, but quenching via other nonradiative
mechanisms, like €H modes, can also play arole. It has been
demonstrated that, in the presence of small amounts of the
dominating O-H vibrations, the nonradiative deactivation by
C—H groups is of the same order of magnitude as quenching
via O—H modes. It is expected that in the case of complete
shielding of the E&" ion from the chemical environment the
main quenching mode becomes that of thetCgroup because

molecules, respectively. Table 5 gives the experimentally the C-H concentration around a Euion, encapsulated by an
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organic ligand, is relatively high. Excellent agreement between

Oude Wolbers et al.

[25,26,27-Tris(carboxylatomethoxy)-4,9,23-trimethyl)-16-octade-

the results of the photophysical studies and the MD calculations cyl-13,19-dioxa-16-azatetracyclo[19,3, 541" Jheptacosa-1(25),2,4,6-
is obtained, which allows the use of molecular dynamics as a (27).7,9,11(26),21,23-nonaene-14,115,18,17,17,18,18-ds(3—)]eu-

tool to predict the composition of the coordination sphere.

Experimental Section

Photophysical Studies. Luminescence spectra were recorded for

Aem= 550-725 nm with a PTI (Photon Technology International, Inc.)
Alphascan spectrofluorometer after excitation of thé'Hon at Aexc

ropium(3+) (11b-Eud"). The Ed* complex11lb-Eu®" was obtained
using bridge-deuterated triacldb (79.4 mg, 0.090 mmol), BX (0.037
mL, 0.27 mmol), and EuGi6H,O (37.9 mg, 0.103 mmol) in MeOH
(1.0 and 0.5 mL, respectively). The Eucomplex was obtained in
94% yield as an off-white solid. Mp:>300 °C. IR (KBr): 2207,
2097, 1611 cm!. MS (FAB): m/z1034.6 [(M+ H)*], 976.4 [(M —
CH,COO)'], 916.6 [(M — 2CH,COO)']. Anal. Calcd for GiHe

=393, or 287 nm. Measurements were carried out either in the steadyp,NO,;Eu: H, 6.05; N, 1.36; E&, 14.7. Found: H, 6.07: N, 0.94;
state mode, where the signal from the Hamamatsu R928 photomultiplier g3+, 15.6.

was fed to a photon-counting interface and detected, or in the phase-
In the latter mode the excitation beam is modulated

resolved mode.
in intensity at a frequency of 30400 Hz by means of an optical

chopper. The modulated luminescence signal is subsequently analyze
with a Stanford Research SR530 lock-in amplifier. The frequency
dependence of the phase shift and demodulation of the luminescenc
signal are fitted to well-known expressions applied for phase-resolved

luminescence datd. Because of the sensitivity of the Eulumines-

cence lifetimes and intensities to the water content of the solutions,
methanol was dried over molecular sieves (3 A) prior to use and the
lifetimes and luminescence spectra were recorded using freshly prepareqE

samples.
Synthesis. Melting points were determined with a Reichert melting

€

[25,26,27-Tris(carboxylatomethoxy-31,3132,32-33,33-ds)-4,9,-
23-trimethyl-16-octadecyl-13,19-dioxa-16-azatetracyclo[19,3,2811717-

({leptacosa-l(ZS),2,4,6(27),7,9,11(26),21,23-n0naenf)133uropium-

3+) (11cEud). The synthesis of the Eti complex11cEus™ was
carried out using triacid0c(0.52 g, 0.59 mmol), BN (0.25 mL, 1.77
mmol), and EuGF6H;O (0.24 g, 0.66 mmol) in MeOD (7 and 3 mL,
respectively). The complex was obtained in 86% yield as an off-white
solid. Mp: >300°C. IR (KBr): 2207, 2156, 2097, 1612 cth MS
(FAB): m/z1032.5 [(M+ H)*], 972.7 [(M — CD,COOQ})], 910.4 [(M
— 2CD,COO)]. Anal. Calcd for GiHssDeNO1;EU: H, 6.26; N, 1.36;
Wwt, 14.7. Found: H, 6.16; N, 1.02; Ey 15.8.

[25,26,27-Tris(carboxylatomethoxy-31,3132,32,33,33-d)-4,9,-

point apparatus and are uncorrected. Mass spectra were recorded wittf3-fimethyl-16-octadecyl-13,19-dioxa-16-azatetracyclo[19,3,£/1"-

a Finnigan MAT 90 spectrometer usimgNBA (nitrobenzyl alcohol)

heptacosa-1(25),2,4,6(27),7,9,11(26),21,23-nonaene-141%4

as a matrix, unless otherwise stated. IR spectra were obtained using at5:17,17,18,18-ds(3—) europium(3+) (11c-Eu*"). The bridge- and
Biorad 3200 or a Nicolet 5SXC FT-IR spectrophotometer. Elemental arm-deuterated B complex11d-Eu*" was synthesized using triacid

analysig’ was performed using a Carlo Erba EA1106. Thé'montent

10d(0.14 g, 0.16 mmol), BN (0.065 mL, 0.47 mmol), and Eug&bH,O

was determined by destroying the ligand in the presence of concentrated©3-3 mg, 0.173 mmol) in MeOD (2 and 1 mL, respectively). Yield:
nitric acid and concentrated perchloric acid. The remaining acids were 94% (off-white solid). Mp: >300°C. IR (KBr) 2207, 2156, 2097,

evaporated and the salts dissolved inv@ter, followed by the addition
of an acetate buffer to keep the pH at®5, and a drop of pyridine
was added. After heating to 8C a titration with an aqueous solution

of 0.01 M EDTA (ethylenediamine tetraacetate) was carried out using

1612 cntt. MS (FAB): m/z1040.5 [(M+ H)*], 980.4 [(M — CD,-
COO)+], 918.4 [(M - ZCDZCOO)'F] Anal. Calcd for G1Hs56D14NO1 1~
Eu: H, 5.43; N, 1.35. Found: H, 5.82; N, 1.86.

[25,26,27-Tris(carboxylatomethoxy)-4,9,23-tritert-butyl-16-dode-

xylenol orange as an indicator. MeOH was dried over molecular sieves cyl-13,19-dioxa-16-azatetracyclo[19,3,22%1"Jheptacosa-1(25),2,4,6-

(3 A) for at least 3 days. EugbH,O was of reagent grade and was

(27),7,9,11(26),21,23-nonaenefJleuropium(3+) (29-Eu®t). The

used after heating under reduced pressure. The synthesis procedureaction was carried out using triac&B (0.10 g, 0.11 mmol), BN

and the analytical evidence for the formation of the compourels0,
17—-28, and30—33 are available as Supporting Information.
General Procedure for the Complexation of EG*. The corre-
sponding triacid was dissolved in MeOH, after which 3 equiv gNEt
was added using a microsyringe. Subsequently a solution ogB#ID

(46 uL, 0.33 mmol) in MeOH (3 mL), and EugbH,0O (0.04 g, 0.12
mmol) in MeOH (1 mL). The off-white soli®9-Eu3" was obtained
in 63% yield. Mp: >300°C. IR (KBr): 1635 cnml. MS (FAB):

m/z1067.4 (M). Anal. Calcd for GsH7zeNOyEu: H, 7.18; N, 1.31;
Ew', 14.2. Found: H, 6.92; N, 1.03; Ey 12.8.

in a minimal amount of MeOH was added in one portion, upon which [25,26,27-Tris(carboxylatomethoxy)-4,9,23-triert-butyl-13,16,19-
the complex precipitated immediately as an almost white solid. The trioxatetracyclo[19,3,1, 26,17 1heptacosa-1(25),2,4,6(27),7,9
reaction mixture was stirred for an additional 15 min and concentrated 11(26) 21,23-nonaene(3)] europium(3+) (34-Eu"). The reaction

(to ~3 mL), after which the complex was filtered off. The product
was purified by refluxing it in CHCN for 3 h, after which it was
concentrated (te-3 mL) and cooled to OC. The product was filtered
off and washed once with cold GEN (~3 mL).

[25,26,27-Tris(carboxylatomethoxy)-4,9,23-trimethyl-16-octade-
cyl-13,19-dioxa-16-azatetracyclo[19,3,124 1" ]heptacosa-1(25),2,4,6-
(27),7,9,11(26),21,23-nonaenefJleuropium(3+) (11aEus"). The
reaction was carried out using triacl®a (0.80 g, 0.83 mmol), EN
(0.34 mL, 2.47 mol) in MeOH (10 mL), and Eu$H,0 (0.34 g, 0.93
mmol) in MeOH (3 mL). The off-white solid 1aEu" was obtained
in quantitative yield. Mp: >300 °C. IR (KBr): 1608 cnt®. MS
(FAB): m/z1026.4 [(M+ H)*], 968.5 [(M — CH,COO)'], 908.3 [(M
— 2CH,COO0)"]. Anal. Calcd for GiH7oNO1,Ew2.75H,0: H, 7.08;
N, 1.30; Ed*, 14.1. Found: H, 6.87; N, 1.31; Ey 14.1. Karl-Fisher
calcd for 2.75 mol of HO: 4.61. Found: 4.63.

(29) Lakowicz, J. RPrinciple of Fluorescence Spectroscond ed.;
Plenum: New York, 1989; pp 5257.

(30) The C content of the Bti complexes determined by elemental
analysis was too low probably due to the formation of very stabRe Eu
carbides or carbonate3. > 1800°C).

was carried out using triacig83 (0.20 g, 0.27 mmol), EN (0.11 mL,
0.81 mol) in MeOH (5 mL), and EugbH,O (0.12 g, 0.32 mmol) in
MeOH (2 mL). The off-white solid34-Eus" was obtained after the
addition of diisopropyl ether in 67% yield. Mp>300°C. IR (KBr):
1612 cntl. MS (FAB): m/z899.5 [(M + H)'], 865.6 [(M + Na —
CH,COO)"]. Anal. Calcd for GyHs,O12EU: H, 5.71; E&", 16.9.
Found: H, 5.47; Etr, 17.9.
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(31) For E&" no satisfactory elemental analysis could be obtained.



