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A two-component ligand system (1) containing 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A) as the
hosting unit for the lanthanide cations and an appended asymmetrically functionalized 1,10-phenanthroline (phen)
as the chromophore was synthesized. The 1:1 complexes with Eu®*, Gd**, Th?*, and Yb®* have been prepared and
studied in aqueous solution. For Gd-1, a relaxivity value of 2.4 mM~* s* has been measured at 20 MHz and 25
°C, which indicates that there are no water molecules in the first coordination sphere of the metal ion. The analysis
of high resolution *H NMR spectra of Yb-1 supports this view and suggests the direct involvement of the phen
moiety in the coordination of the metal ion. For Eu-1 and Th-1, the absorption and luminescence spectra, the
overall luminescence efficiencies, and the metal-centered (MC) lifetimes were obtained; coordination features were
also determined by comparing luminescence properties in water and deuterated water. For Eu-1 and Th-1, the
overall emission sensitization (se) process in air-equilibrated water was found to be notably effective with ¢se =
0.21 and 0.11, respectively. A detailed study of the steps originating from light absorption at the phen unit and
leading to MC sensitized emission was performed.

Introduction helicates®!! The stability constant of the complexes is

related to the structural features of the ligand system which

of interest as luminescent probes for diagnostic purpb3es. must additiorjally provide an efficient shielding (.)f th¢3Eu
A great variety of systems have been designed and studieo‘?_‘nOI TW_ rl1um|r:escent clentelresgto prevz_nt ledesw?dl Interac-
as chelating agents, including, among others, polyaminopo—t'ons with solvent molecu ._Accor INgly, usetut ap-
lycarboxylate$: cryptands calixarene$; ¢ podands, and proaches that make use of multichromophoric ligand systems

Luminescent and stable complexes ofEand TE" are
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have been developed. For instance, encapsufdtidmnd silica gel Si 60-F254. Column chromatography was carried out on
helical wrappiné? are expected to lead to highly luminescent silica gel Si 60, mesh size 0.040.063 mm (Merck, Darmstadt,
complexes of E# and TB* not only because of structural ~Germany).*H NMR (300 MHz) spectra were recorded with a
properties but also because of the many chromophoric unitsBruker AC 300 spectrometer. Melting points (uncorrected) were
involved in the light absorption. Within this perspective, detle(;r[rz;m’\a/ld mltTleOUC:I SMF;]ZOl ;aﬁ;”ari’hn}flfzgfi')”: ?pparatus'
- “hinuridi -[(9-Methyl-1,10-phenanthrol-2-yl)methyl]-1,4,7,10-tetraaza-
;)nhaecr:iqf;_eos_ ssg:ztnl’:?c?ligggl ggr?:;%%é:?fﬁivg FE)yer:adr:nlz’rgely cyclododecane-1,4,7-triacetic Acid Tris(1,1-dimethylethyl) Ester

Sodium Perchlorate Complex (4).A suspension o (0.290 g,
employec:®! In these cases, the chromophores (L) are 1.1 mmol),3 (0.514 g, 1 mmol), and sodium carbonate (0.210 g.

arranged to fulfill the coordination requirements of the 5 mmol) in 40 mL of acetonitrile was refluxed 24 h under magnetic
lanthanide (Ln) cations. Therefore, the antenna-to-cation sgirring. The mixture was cooled to room temperature and filtered
sensitization step (i.e, the L-to-Ln energy transfer) occurs on a fritted glass, and the filtrate was evaporated to afford a residue.
between partners in a somehow rigid coordination environ- This product was dissolved in 50 mL of GEl, and washed with
ment. However, most of these systems, with few excep- water (2x 30 mL) and then with 30% aq NaCl@3 x 50 mL).
tions!* are characterized by a strong quenching of their The solvent was removed under reduced pressure and the product
luminescence in aqueous environments. This is a severePurified by column chromatrography (silica gel, &,/MeOH 96/
drawback for their application as biological probes. 4) to afford 0.618 g (74%) o# as white solidH NMR (CDC,

. . 300 MHz) 6 (ppm) 8.22 (1H, dJ = 8.1 Hz), 8.15 (1H, dJ = 8.1
Recent stgdles have also pointed ou'F that there may beHZ)‘ 7.75 (2H, s), 7.65 (1H, dl = 8.1 Hz), 7.51 (1H, dJ = 8.1
advantages in the use of somewhat flexible systems, whereHZ) 4.0 (2H, s), 3.42.3 (25H, br m), 1.33 (9H, s), 1.16 (18H

an “induced fit'’® takes place between the metal center and $)13C NMR (CDCl, 75 MHz) 6 (ppm) 172.7, 172.5, 159.1, 145.6,
some hosting site of the ligand system. Recently, it was 137.2 136.9, 128.2, 127.5, 126.8, 125.9, 124.1, 123.8, 82.6, 82.4,
shown that a combination of a single chromophore and a 60.9, 56.8, 56.6, 51.8, 50.9 broad, 28.2, 28.1. MS-FABN/z 743
polycarboxylate hosting site, provided that they are spatially [M + Na*], 721 [M + H*]. Calcd for GoHseNgOs: 720.

separated and connected by short chains, can lead to (i) 10-[(9-Methyl-1,10-phenanthrol-2-yl)methyl]-1,4,7,10-tetraaza-
remarkable results in terms of overall sensitized luminescencecyclododecane-1,4,7-triacetic Acid Tris(1,1-dimethylethyl) Ester
efficiencies!® (i) possible uses for Hand Q sensing:81° (5). Compound4 (0.5 g, 0.67 mmol) dissolved in methanol (30
and (iii) implementation of schemes for molecular device ML) was stirred fo 8 h atroom temperature in the presence of
operatior?® Along these lines, we thought that the flexibility ~ S°lid KCI (0.23 g, 3 mmol). The suspension was filtered through
issue could be addressed by using a macrocyclic polyami- C€lite: and the solvent was removed under reduced pressure. The
nopolycarboxylic ligand (i.e., 1,4,7,10-tetraazacyclodode- residue was transferred into a liquitiquid extractor by using 2

14 7-ri . iDO3A) beari flexible sid mL of methanol. Then, 20 mL of water was added, and the mixture
cane-1,4,7-triacetic acid) ) bearing a flexible sidearm was continuously extracted witikpentane (200 mL) for 24 h. The

for the connection with a suitable chromoph8télere, we g5 yent was removed under reduced pressure to yield 0.39 g (90%)
report on the (i) synthesis of such a new ligand incorporating of a yellowish thick oil.XH NMR (CDCls, 300 MHz)d (ppm) 8.25

a phen subunit as the chromophore; (i) luminescence (1H, d,J = 8.1 Hz), 8.18 (1H, dJ = 8.1 Hz), 8.11 (1H, dJ=8.1
properties of the corresponding Euand T complexes; Hz), 7.7 (2H, s), 7.47 (1H, d] = 8.1 Hz), 4.14 (2H, s), 3.36 (4H,
and (iii) NMR evidence that the phen moiety is involved in s), 2.92 (3H, s), 2.87 (12 H, m), 2.73 (4H, m), 1.46 (9H, s), 1.38

the coordination of the lanthanide ion. (18H, s). MS-FAB: m/z 721 [M + H*]. Calcd for GioHeeNeOs:
720.
Experimental Section 10-[(9-Methyl-1,10-phenanthrol-2-yl)methyl]-1,4,7,10-tetraaza-

cyclododecane-1,4,7-triacetic Acid (1)A solution of5 (0.30 g,
Materials and Methods. Solvents were purified by using  0.42 mmol) in 10 mL of trifluoroacetic acid was stirred at room
standard methods and dried when necessary. All commercially temperature for 4 h. The solvent was evaporated, and the crude
available reagents were used as received. TLC was carried out onyas triturated with diethyl ether to yield a white solid. The solvent
was separated, and the residue, dissolved in 2 mL of water, was
(13) Lehn, J.-M.Supramolecular Chemistry/CH: Weinheim, 1995; p adsorbed on a short Amberlite XAD 1600T column which was

(14) chélaup C.: Couchet, J. M.: Picard, C.: TisnB.Tetrahedron Lett eluted with water until the pH was neutral and then with water/
2001 42, 6275. T T ' ' acetonitrile 8/2 (v/v) to recover the product as white sdiiNMR
(15) Piguet, C.; Bozli, J.-C. G.Chem. Soc. Re 1999 28, 347. (CDs0D, 300 MHz)6 (ppm) 8.39 (1H, d,J = 8.4 Hz), 8.36 (1H,

(16) (a) Xiao, M.; Selvin, P. RJ. Am. Chem. So001, 123 7067. (b)_ d,J = 8.4 Hz), 8.18 (1H, dJ = 8.4 Hz), 7.88 (2H, m), 7.67 (1H,
'I??adnést.)hz%ydogqggelkner' S.; Sammes, P.JGChem. Soc., Perkin d.J= 8.4 Hz) 4.40 (2H, s), 3.62 (2H. 5), 3.55 (4H. S), 3.36 (8H.
(17) (a) Beeby, A.; Bushby, L. M.; Maffeo, D.; Williams, J. A. G.Chem. m), 3.10 (8H, m), 2.91 (3H, s}3C NMR (DMSOds, 75 MHz) 6

Soc., Perkin Trans. 200Q 1281. (b) Beeby, A.; Bushby, L. M,; (ppm) 171.4, 170.8, 159.4, 159.2, 145.6, 145.3, 137.5, 137.2, 128.3,

Mafteo, . Williams, J. A. G.J. Chem. Soc., Dalton Trans. 2002 127.4,126.9, 126.3, 124.3, 61.7, 56.5, 52.1, 51.5, 51.1, 50.6, 25.6.
(18) Parker, DCoord. Chem. Re 200Q 205, 109. MS-FAB(+): m/iz553 [M + H]. Calcd for GgHzeNeOg: mVz 552.
(19) Lowe, M. P.; Parker, Dinorg. Chim. Acta2001, 317, 163. Anal. Calcd: C, 60.8; H, 6.5; N, 15.2. Found: C, 60.1; H, 6.2; N,
(20) Gunnlaugson, T.; MacDill, D.; Parker, DJ. Am. Chem. So2001, 14.7

123 12866. R . . .
(21) Very recently, a polyaminopolycarboxylic ligand derived frB®3A 2,9-Dimethyl-1,10-phenanthrolineN-oxide Dihydrate (7). A

and bearing a quinaldine sidearm has been prepared for the samesolution of neocuproine monohydrate (3.0 g, 13.2 nmmol), in
purpose. However, no data on the luminescence properties of the trifluoroacetic acid (15 mL) and #, (5 mL), was warmed at 60

corresponding lanthanide complexes have been reported. See: Griffin, | _ ’ S
J. M. M.; Skwierawska, A. M.; Manning, H. C.; Marx, J. N.; Bornhop, 65 °C for 4 h. The solvent was removed by evaporation in vacuo,

D. J. Tetrahedron Lett2001, 42, 3823. and the residue was neutralized with saturated aqueopSQ4a
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and extracted with CKCl, (3 x 75 mL). The combined organic
phases were dried over anhydrous Mg&@d concentrated in vacuo
to afford a violet solid (3.3 g, 95%). Mp: 138.20°C. IH NMR
(300 MHz, CDC¥}) ¢ (ppm) 2.73 (3H, s), 2.89 (3H, s), 7.45 (1H,
d,J=8.2 Hz), 7.47 (1H, d) = 8.2 Hz), 7.59 (1H, dJ = 8.2 Hz),
7.61 (1H, d,J = 8.7 Hz), 7.67 (1H, dJ = 8.7 Hz), 8.05 (1H, d,
J = 8.2 Hz).

Spectroscopic and Photophysical Measurementébsorption
spectra were measured in water at room temperature with a Perkin
Elmer Lambda 5 UV-vis spectrophotometer. For the steady-state
luminescence experiments, a Spex Fluorolog Il spectrofluorimeter
equipped with a Hamamatsu R928 phototube was employed.
Corrected luminescence spectra were obtained by applying correc
tions in the range 500820 nm, owing to the wavelength
dependence of the phototube response. Relative luminescenc

intensities were evaluated from the area (on an energy scale) of

1

1= 1o+ S Kot X+ S, — 4/ (Kges + X+ S)° — XS] (1)

o 2%

wherel is the absorbance (or luminescence intensity) vdlend

Al are the initial value and the overall change in absorbance (or
luminescence intensity), respectivelgiss = 1/Ky, andX and S,

are the titrant and substrate concentrations, respectively. Results
of titration experiments, by using both absorption and luminescence
data (see examples in Results and Discussion section), are consistent
‘with a 1:1 association stoichiometry, wikgy > 10° M~L. In any
case, complex formation was deemed complete after addition of
2—3 equiv of the lanthanide cation to water solutionslpfiven

that formation ofGd-DO3A andGd-DOTA takes place withy,

> 10?° M~1 (DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-
“tetraacetic acidj’ Model calculations on the equilibrium between
phen-centered and Th-centered levels were performed by using
Matlab 5.0 by MathWorks, Inc., MA.

NMR Measurements.The longitudinal water proton relaxation

the luminescence spectra and with reference to a luminescenceate was measured by using a Stelar Spinmaster spectrometer

standard; both [Ru(bpyCl. (¢ = 0.028 in air-equilibrated wat&)
and quinine sulfateg(= 0.546 n 1 N H,SO,?%) were employed?
Luminescence lifetimes on the millisecond time scale were obtained
with a Perkin-Elmer LS50B luminescence spectrometer. The

(Stelar, Mede, Pavia, Italy) operating at 20 MHz, by means of the
standard inversionrecovery technique (16 experiments, 2 scéhs).
A typical 9C° pulse width was 3.%s, and the reproducibility of
the T; data was+0.5%. The temperature was controlled with a

experimental uncertainty on the absorption and luminescence Stelar VTC-91 air-flow heater equipped with a coppeenstantan

maxima is 2 and 1 nm, respectively; that for thandz values is
10%.

Titration experiments were performed for> 10°> M water
solutions of ligandL by using concentrated solutions of lanthanide
salts (as Cl or CIO,™ salts, Fluka). To evaluate the association
constantKy,, the employed spectroscopic data points were fitted
to eq £526

(22) Nakamaru, KBull. Chem. Soc. Jpri982 5, 2697.

(23) Meech, S. R.; Philips, D. J. Photochem1983 23 193.

(24) (a) Ulrich, G.; Ziessel, R.; Manet, |.; Guardigli, M.; Sabbatini, N.;
Fraternali, F.; Wipff, GChem—Eur. J.1997, 3, 1815. (b) The spectral
features of protonated phenanthroline are illustrated in: Armaroli, N.;
De Cola, L.; Balzani, V.; Sauvage, J.-P.; Dietrich-Buchecker, C. O.;
Kern, J.-M.J. Chem. Soc., Faraday Trank992 88, 553.

(25) Wilcox, C. S. InFrontiers in Supramolecular Organic Chemistry and
Photochemistry Schneider, H.-J., Du, H., Eds.; VCH: Germany,
1991; p 130.

(26) Bourson, J.; Pouget, J.; Valeur, B.Phys. Chem1993 97, 4552.

thermocouple (uncertainty af0.1 °C). TheH NMR spectra of
Yb-1 were recorded on a JEOL EX-400 spectrometer (9.4 T), using
D,0 (99.8%, Cortec, France) as solvent.

Results and Discussion

Design and Synthesis of the LigandBipartite ligandl,
see Schemes 1 and 2, features a phen unit as the light
absorbing chromophore, which is covalently connected
through one methylene spacer t@&®3A unit, as the LA
coordination site.

The choice for the chromophore is due to careful evalu-
ation of the various steps implied in the antenna-to-cation
sensitization process, see Scheme 3. Light absorption and

(27) Reichert, D. E.; Lewis, J. S.; Anderson, CCdord. Chem. Re 1999
184 3.

(28) Friebolin, H.Basic One- and Two-Dimensional NMR Spectroscopy
2nd ed.; VCH Publishers: Weinheim, Germany, 1993; pp-18a¥/.
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singlet state (S) formation at the L chromophore is followed
by intersystem crossing (ISC), resulting in population of its
lowest-lying triplet (T) level. Subsequent L-to-Ln energy
transfer leads to population of a metal-centered (MC) level
which deactivates via radiative and nonradiative paths. Owin
to the photophysical properties of ph#na close to unit
efficiency for its triplet population is expected (see later).
With reference to Scheme 3, the overall efficiency for
sensitized emission (se) is

¢se = ¢ISC ¢en¢|umMC (2)

Quici et al.

o~ CHs
N
[CHCORO -
CHyCly N
NAN_0COCH,
8
o~ CHs
N
2N
NAACl
2

DO3A was selected as the Ln-chelating subunit because
of the high thermodynamic and kinetic stabilities which are
well assessed for its lanthanide compleXelsigand 1 was
synthesized according to Schemes 1 and 2. Alkylation of
tris(tert-butyl) ester,3,%2 with 2-chloromethyl-9-methyl-1,-
10-phenanthroline?, carried out in CHCN at reflux in the
presence of N&O; as base, and subsequent treatment of
the crude, dissolved in GiEl,, with aqueous NaClQ
afforded sodium complex isolated in 74% vyield after
column chromatography. The preparation of compleis
necessary in order to simplify the chromatographic purifica-
tion and allows higher yields of isolated product. Decom-
plexation of4 was achieved by continuous extraction of the
complex, after Ci for CIO,~ counterion exchange, in,0/
CH3OH = 9/1 (v/v) with n-pentane to give very purg as
yellowish thick oil, in 90% vyield. Treatment of with
CRCOOH, at room temperature, afforded tricarboxyl deriva-
tive 1, as white solid, in quantitative yield after purification
through a nonfunctionalized polystyrene resin.

The preparation o2 was carried out following the 4-step
procedure reported by Newkome and co-workéistarting
from commercial neocuproine (Scheme 2). However, dif-
ferently from Newcome’s method, the oxidation ®fwas
achieved by using 30%4@, in CFCOOH and afforded the
correspondindN-oxide 7 in 95% vyield. All the other steps

' from 7 to 2 were carried out according to literatéfeand

Yare not detailed in the Experimental Section.

Optical Spectroscopy.Luminescence and photophysical
data obtained in water and deuterated water forEhel
and Th-1 complexes are collected in Table 1. In the
following, we provide a separate discussion of the absorption
and luminescence properties of these and related complexes.

Gd-1. Figure 1 shows the changes of the absorption

and optimization of the antenna-to-cation sensitization Spectrum of 1x 10> M water solutions of ligand, upon

process requires high efficiencies for all the steps, as we wil
examine in detaif®3!

(29) Murov, S. L.; Carmichael, I.; Hug, G. Handbook of Photochemistry
M. Dekker: New York, 1993, p 37.

(30) Klink, S. I.; Grave, L.; Reinhoudt, D. N.; van Veggel, F. C. J. M,;
Werts, M. H. V.; Geurts, F. A. J.; Hofstraat, J..\. Phys. Chem. A
200Q 104 5457.

(31) Beeby, A.; Faulkner, S.; Parker, D.; Williams, J. A.J5Chem. Soc.,
Perkin Trans. 22001, 1268.
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| additions of G&". Comparison with literature results for phen
liganc®* indicates that the registered spectral feature4 of
(position of band maxima and band intensities) are due to
this chromophore. The inset of Figure 1 displays the data

(32) Ranganathan, R. S.; Marinelli, E. R.; Pillai, R.; Tweedle, M. F. WO
95/27705;Chem Abstr1995 124, 146216.

(33) Newkome, G. R.; Theriot, K. J.; Gupta, V. K.; Fronczek, F. R.; Baker,
G. R.J. Org. Chem1989 54, 1766.
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Table 1. Luminescence and Photophysical Data

Ps Thyo, MS kst kin St D0, Ms °
Gd-1 <0.5x 1076
Eu-l 0.21 1.24 169 637 177 0.0

Th-1 0.11(0.55) 0.31(1.51Y 355(364Y 3020(298) 0.32 0.2

I, a.u.

a|n air-equilibrated water at rf Luminescence quantum yield upon
excitation at 278 nm¢Water molecules of the coordination sphere.
d Degassed sample.

0.3f £ 021
§ /%\\ E
g AN 2 018 _
= g2lf Figure 2. Room-temperature fluorescence (left) and 77 K phosphorescence
§ ' (right) spectra forl (full line) and Gd-1 (dashed line)iexc = 278 nm.
<
i0° (with a rate constarisc) are observed fo&d-1, in accord
0.1 ” with
Pisc = KiscTs 3)
0.0
400 wherert; is given by
A, M
Figure 1. Titration of the absorption spectrum of & 10> M water .= ; (4)
solution of1 by addition of aliquots of Gtt. The inset shows the absorbance f k- + Kk, + kisc

changes at = 274 nm; the full line results from the fitting procedure, see

text. . .
andk; andk,, are rate constants for radiative and nonradiative

points corresponding to the absorbance values registered aProcesses. It is interesting to compare the fluorescence
274 nm. The plateau region is approached-dr equiv of parameters for phen and phenanthrene, its homonuclear
GeP*, consistent with a 1:1 association process, as eXpecteocounterpart. In the latter case, fluorescence takes place with
on the basis of electrostatic and structural arguments. This? = 60 ns andP; = 0.13, and the singlet deactivates to the

is consistent with previous studies indicating tB&@TA and triplet with ¢isc = 0.85%° For pheny; ~ 2 ns, ®; ~ 0.004,
DO3A in water coordinate lanthanide cations with lg. and the presence of heteroatoms (with respect to the case of
> 2027 phenanthrene) should enhance the intersystem crossing

It can be noted that the absorption profile @1, as processed’ On this basis, in accord with eqs 3 and 4, for

registered at the end of the titration experiment, mainly Phen, one expectgisc > 0.85. In turn, for the phen
exhibits changes in the intensity and position of the band chromophore within th&d-1 complex (and for theeu-1
around 272-280 nm. Only modest variations are apparent and Tb-1 cases as well), the further enhancement of ISC
in the low-energy region of the spectruin> 280 nm, which ~ Processes due to the heavy-atom effect should resgisin
is the spectral portion usually growing significantly in MOst likely close to unity.
intensity upon coordination of phen or bpy ligands tétn In Figure 2, the phosphorescence spectrum ofGiel
cations?* As it is well-known, these cations require saturation COMPIeX is also shown, as obtained at 77 K; the measured
of 8-9 coordination position¥ 3 and the fact that fo6d- pWas 0.53 s. From the structured phosphqrescgnce profile,
1 the absorption profile (of phen origin) is not markedly an energy level £ = 21830 cm' is derived in cor-
affected by the presence of the cation center suggests thafeSPondence to highest energy band maximum (458 nm). The
the N atoms of the phen unit are not equally engaged in the!@ck of MC luminescence and the observation of phen-
coordination. The same finding was registered for the casesCentered phosphorescence are consistent with the fact that
of EW?* and TI§*, and in following paragraphs, we provide the lowest-lying MC excited .IevePIPy,z). of thg Gd center is
some evidence regarding possible structural features. located at 32150 cm,** that is, well higher in energy than
Figure 2 shows the room-temperature fluorescence spec-1€ phosphorescent level of the phen chromophorelts
trum of 1 and Gd-1, whose observed lifetimes werg = worth noting that the triplet level for 1,10-phenanthroline is
1.1 and<0.5 ns, respectively; no MC luminescence was Er*"*" = 22100 cm?! so that E of Gd-1 appears only
observed. The fluorescence spectra, ascribable to the lowestSlightly bathochromically shifted upon complexation. The
lying singlet level (S) of phen chromophore (Scheme 3), peak determination of E of Gd-1 is gseful while d_|S(_:ussmg the
in the same spectral region and exhibit similar profiles. On Phen— M energy transfer which occurs withiu-1 and
this basis, the reduction of the fluorescence intensitg@igr 101, given that for the latter complexes this samevelue
L is likely attributable to the heavy-atom effect brought about €N be assumed. For an easier discussion of the various steps

by the Gd center. As a consequence, improved ISC processed1Volved in sensitization of the MC luminescence witkio-
1 andTb-1, we will refer to Scheme 3.

(34) Stein, G.; Wrzberg, E.J. Chem. Physl975 62, 208.
(35) Richardson, F. SChem. Re. 1982 82, 541. (36) El-Sayed, M. AJ. Chem. Physl1963 38, 2834.
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- Scheme 4
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Sx1cf This outcome prompted us to model the room-temperature

equilibrium between the ligand-centered triplet level, T, and
the MC luminescent level of B, with an energy gap
between the two levelAE = 1400 cmt, see Scheme 4.
The rate for the T phosphorescence decay kas 1/(35
us)?® and the rate constant for competitive diffusional
quenching by oxygen wdg®?= 2.0 x 10° s, as evaluated
from kg x [O2], with kgr = 7 x 1°® M~1 s, and [Q] =
0.29x 103 M.®

A, NM The experimental findings could be reproducedkigi(the

Foure 3. |  the 1umi _ o ok110-5 M forward energy transfer rate constart)p x k,°? [with the
ijgure 5. Increase O the luminescence |nten5|ty (o) water — - _
solution of 1 by addition of aliquots of Et; dexc = 278 nm. The inset ,baCkward energy tr%rlsmﬁl ki exp(-AE/RT)]. Accord
shows the luminescence intensity changes detectéd-s812 nm; the full ingly, the phen— Tb*" energy transfer step was evaluated
line results from the fitting procedure, see text. to beken~ 1 x 107 s71,

Structural and Relaxivity Properties of the Complexes.
The relaxivity represents the increment of the water proton
h read for titrati ith Sd(Fi . Th nuclear magnetic relaxation rate induced by a millimolar

0seé already seen for titration wi (Figure 1). The concentration of a paramagnetic complex and is routinely

5] + ~
MCil Do level Of. _Eu’*_ is well lower thgn E (AE o 4500 used as a measure of the efficacy of ¥tnand Gd*-based
Cm. ), and senS|t|zat|on of the MC luminescence |s.observed. MRI contrast agent¥. This relaxation enhancement is the
_Th|s 6.1"0\?’5 observatloq .Of thfe Célanges of IL_J”mlnescence result of the electronnucleus dipolar interaction modulated
Intensity °F1 upon addition of E¥. F'Q“fe 31 L.Jstrates. by rotation of the complex, electron spin relaxation of the
results obtained using,.. 278 (corresponding to an iSOSbestic a1 jon, and chemical exchange of the coordinated water

point for the absorption spectra &fupon Ed™ addition). 1 51ecyles. The analysis of the pH, temperature, and magnetic
The inset of Figure 3 shows results from the fitting procedure 4 dependence of the relaxivity enables much detailed

in accord with eq 1, wherd is luminescence inte7nsity structural and dynamic information on paramagnetic metal
observed at 612 nm (corresponding to th2, — 'F complexes to be obtainéd.In the absence of water
transition, which appears as the strongest luminescentband )5 jecyles in the inner coordination sphere of the metal ion,

when no phototube correction for the fluorimeter is taken g rglaxivity of a complex is reduced to the contribution of
into account) and\l is the final increase of luminescence  he guter sphere solvent molecules closely diffusing near the
intensity at this wavelength. paramagnetic center, but yet, it is detectable. The outer sphere
Tb-1. For the case of T¥, and with regard to the 1:1  component of the relaxivity is typically of the order of-3
stoichiometry, the small changes of the ground-state absorp-mmM~—1 s 1 at 20 MHz and 25°C for G&* chelates with
tion profile upon cation coordination, and the value for the polyaminopolycarboxylic ligand¥:3The relaxivity ofGd-1
association constant for formation of the complex in water, as measured at 20 MHz and 26 in aqueous solution is
titration experiments by using absorption spectra gave results2. 4 mM1 s71, a value which is strongly indicative of the
quite similar to those seen above f8d-1 andEu-1. The  absence of any coordinated water molecule in the inner
MC °D, level of TB* is lower than E (AE ~ 1400 cm, coordination sphere of Gtl. The relaxivity is constant from
Scheme 3), and sensitization of the MC luminescence is pH 4 to 12 to indicate that the integrity and the hydration of
observed. HoweveE is not so large to prevent back energy  the complex are unchanged in this range. This result indicates
transfer, as demonstrated by,-@egassing experiments. that the phen moiety is involved in the coordination of the
Argon bubbled solutions of théb-1 complex show a 5-fold
increase of the luminescence intensity registered for the casqs?) (a) Lauffer, R. B.Chem. Re. 1987, 87, 901. (b)The Chemistry of

of the air-equilibrated sample; thus, the determined sensitized ~ Contrast Agents in Medical Magnetic Resonance Imagifierbach,
A. E., Toth, E., Eds.; Wiley: New York, 2001.

luminescence quantum vyield isse = 0.11 for the air- (38) (a) Aime, S.; Botta, M.; Fasano, M.; Terreno, Ghem. Soc. Re
equilibrated case and 0.55 for the-fdee case (see Table 1998 27, 19. (b) Aime, S.; Botta, M.; Fasano, M.; Terreno, Acc.

. - ; Chem. Res1999 32, 941.
1). At the same time, the lifetime for the MC luminescence (39) Caravan, P.; Ellison, J.; McMurry, T. J.; Lauffer, R. hem. Re.

is found to be 0.31 and 1.51 ms, respectively. 1999 99, 2293.

Eu-1. The absorption spectra registered upon titration of
1 x 105> M water solutions ofl with EL®* are identical to
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Figure 4. 400 MHzH NMR spectrum ofYb-1in D,O at pH= 7.2 and 28C. The peak labeled with an asterisk represents the residual HDO resonance.

Gd®* ion and prevents the access of the solvent moleculesrespect to the DOTA complexésand (i) high activation

to the metal center. energy for the isomerization process due to the steric
More insights into the solution structure of then-1 crowding of the phen moiety.
complexes were obtained from analysis of thé NMR The signals of the protons of the phen moiety cover a

spectra of the Y¥ derivative. This ion is well suited to this  chemical shift range of about 80 ppm14H-67 ppm) and
type of analysis because it couples in the high resolution show a marked paramagnetic shift. In particular, the chemical
spectra of its complexes a large chemical shift range and ashift (+67 ppm) of the methyl group suggests a position very
relatively limited paramagnetically induced line broadening. close to the paramagnetic center. Furthermore, these spectral
Furthermore, the isotropic shift is largely dipolar in origin features remain unchanged in the temperature rangd1
and thus more directly amenable to the obtainment of °C, to indicate a marked structural rigidity of the metal
structural informatiort® The 400 MHz*H NMR spectrum complex.

of Yb-1in D,O at pH= 7.2 and 25°C is reported in Figure The lack of coordinated water molecules, the high degree
4. The spectrum consists of 30 resonances which corresponaf stereochemical rigidity of the complex, and the marked
to the 31 nonequivalent protons of the complex (1 peak is paramagnetic isotropic dipolar shift of the phen protons
masked by the broad signal of HDO) and cover a chemical represent a strong indication that the second N atom (adjacent
shift range of more than 260 ppm. All the resonances haveto the methyl group) of the phen unit is located in a nearly
the same relative intensity, with the exception of the apical position, above the NQupper square plane of the
resonance at 66.7 ppm (relative intensity 3) easily attributable antiprism. However, these NMR data alone do not allow us
to the methyl group. By comparison with published data on to discriminate between the occurrence in solution of
structurally related complexes, it is possible to partially assign 9-coordinate Ln complexes, where both N atoms of the
the resonance$.The low field chemical shift values of the  phenantroline belong to the inner coordination sphere of the
4 axial protons of the macrocyclic ring are particularly metal ion, or 8-coordinate Ln complexes, where the access
diagnostic and suggest for the complex a square-antiprismaticof the water molecules is only sterically hindered.

(SAP) structure, in analogy with the major isomer present  Structural and Photophysical Properties of the Com-

in the correspondinyb-DOTA complex?? This structural plexes. Table 1 lists luminescence efficienciegsd and
arrangement implies coordination of the N atom (adjacent lifetimes ) observed for the B and TE" complexes

to the methylenic group) of the phen unit to originate a five- dissolved in water and deuterated water. The number of
membered ring, of particular stability in this class of coordinated moleculesy( uncertainty+0.5) at the metal
complexes? Interestingly, unlike most of the lanthanide centers, also reported in Table 1, was estimated on the basis
complexes with DOTA-like ligands, only one isomer is of the following equation'd

observed over the temperature range80 °C. This might

be rationalized in terms of (i) increased stabilization of the qV= 1.2(1k,, o — 1ty o — 0.25) (5)

SAP isomeric form at the end of the lanthanide series with z z

Tb _ _ _

(40) Peters, J. A.; Huskens, J.; Raber, DPdog. Nucl. Magn. Reson. 4 5(1/TH20 1/TD20 0.06) (6)
Spectrosc1996 28, 283.

(41) (a) Aime, S.; Batsanov, A. S.; Botta, M.; Howard, J. A. K.; Parker, . .
D.; Senanayake, K. Williams, Gnorg. Chem.1994 33, 4696. (b) _ The results of Tat_)le 1 regarding tht_a hydratlon number are
Aime, S.; Botta, M.; Parker, D.; Williams, J. A. G. Chem. Soc., in full agreement with the relaxometric propertiesd-1.

Dalton Trans.1995 2259. (c) Aime, S.; Botta, M.; Ermondi, G.;

Terreno, E.. Anelli. P. L. Fedeli, F.: Uggeri, Fnorg. Chem.1996 On the other hand, the small changes of the absorption

35, 2726.
(42) Aime, S.; Botta, M.; Ermondi, Gnorg. Chem.1992 31, 4291. (44) Aime, S.; Botta, M.; Fasano, M.; Marques, M. P. M.; Geraldes, C. F.
(43) Aime, S.; Batsanov, A. S.; Botta, M.; Howard, J. A. K.; Lowe, M. P.; G. C.; Pubanz, D.; Merbach, A. Enorg. Chem 1997, 36, 2059
Parker, D.New J. Chem1999 23, 669. 2068.
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spectra ofl as registered upon Ehtitration (see Figure 1)  and 86%, respectively, of the reference upper limit. Such
indicate that the cation does not cause a strong perturbatiorhigh luminescence quantum yields have only seldom been
of the electronic properties of the phen chromophore. This reported; for instancesum'® = 0.44 (in water, air-equilibrated
supports the view that the N atoms of the phen unit aefe conditions) was registered for a complex based on a
not equally involved in the coordination of the metal center, tetraazacyclododecane-benzylphosphinate ligand for which
at odds with what usually happens for most of the bpy and no water molecules were found in the coordination sphere.
phen ligand systenfs*

In conclusion, with reference to the various steps depicted
in Schemes 3 and 4, the efficiency for the overall sensitiza-
tion process (see eq 2), of water solutions of d6thl and

Conclusions

In complexes of ligandl with lanthanide ions, the
phenanthroline subunit directly participates to the coordina-
. i . . . tion of the metal ion. Furthermore, the rigidity and spatial
Tb-1(Ozfree case), is characterized by unitgiyc andgen arrangement of this chromophore prevent the access of any

values. This is due to the fact that (i) light absorption at the water molecule into the first coordination sphere of the metal
phen chromophore results in efficient population of its triplet . P

. . ; "
level, and that (ii) the phen> M energy transfer process is lon. This featur(_a has been epr0|t_ed o ach@v@lﬁmdl ™

much faster then the competing phosphorescence fkath complexes which are characterized by high luminescence
> ke; of course, in the case of Th competition against’ efficiencies in water. This result has been achieved by using

e . . . a ligand system whose absorption properties were significant
diffusional quenching by dissolved,Onust be taken into for 4 < 300 nm. Of course, for a system to be employed for

account. This allows some conclusion to be reached aboutb. logical N al lenath for the ab i
reference limits attainable for the overall sensitization » O 0J'C&! PUIDOSES, ()a onger wavelengtn for the absorp
efficiency, ¢se (Scheme 3, eq 2), that includes the intrinsic tion maximum shoull(gblgisac\)vanabl_g, as indicated by recent
luminescence efficiency at the metal center. studies in the are&™'*>*and (i) the product of the
extinction coefficient at the employed excitation wavelength
c and the observed luminescence quantum yield should favor-
k?/' ) ably compare with other antenna systems.

MC
¢I m=
u krMC + MrC
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in water yielded the radiative rate constams! = 170 and 1IC025543]

k™ = 210 s, contributing to deactivation of their lumi- , : " - .
& On the other hand h . ivotal (46) Xiao and Selvin, ref 16a, for Etland TE* hosted withinDOTA in
nescent level&: On the other hand, as shown in a pivota D,0, found the following metal-centered rate constark§t = 220,

work by Horrocks and Sudnick,for no OH oscillators (from
measurements in {0) coordinated at the ionk, " = 380
andk,™ = 120 s1. Use of these values leads ¢ =

0.31 andgum'™ = 0.64 (eq 7) that could be regarded as the

largest attainable values @k, due to the intrinsic properties

of the cationg® On this basis, for the investigated systems

Eu-1 andTh-1 (O, -free case), the found overalleis 73%

(45) Horrocks, W. DeW., Jr.; Sudnick, D. Rcc. Chem. Red 98], 14,
384.
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kTP = 287, koY = 221, andky'° = 96 s1; this results ingumF! =

0.50 andpym™ = 0.75. In the conditions employed by these authors,
the shielding against high-frequency oscillators within the first
coordination sphere is expected to be very efficient (which allows a
satisfactory determination of the somewhat elusiveinsic metal-
centered nonradiative contribution, see refs 17b, 34, 35, 45). In this
regard, the overathse found by us forEu-1 andTh-1 (water solvent)
amounts to be 42% and 73% f@ee case), respectively, of the
reference upper limit.

Aime, S.; Batsanov, A. S.; Botta, M.; Dickins, R. S.; Faulkner, S.;
Foster, C. E.; Harrison, A.; Howard, J. A. K.; Moloney, J. M.; Norman,
T. J.; Parker, D.; Royle, L.; Williams, J. A. G. Chem. Soc., Dalton
Trans.1997 3623.





