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ABSTRACT: Three 6-phosphoryl picolinic acid (6PPA) derivatives were synthesized and
used as europium and terbium sensitizers. Two of the three ligands (6-diethoxyphosphoryl
picolinic acid (Hdeppa) and 6-monoethoxyphosphoryl picolinic acid (H,meppa)) are water-
soluble, once complexed to lanthanide ions, while the third (6-dihydroxyphosphoryl picolinic
acid (Hidhppa)) forms a precipitate. The stability constants of the phosphoryl-based
complexes were found to be higher than the carboxylate analogue (dipicolinic acid, H,dpa).
The main species are the [LnL;] complexes under strict stoichiometric conditions, confirmed
by *'P NMR spectroscopy, mass spectrometry and lifetime analyses. The photophysical
measurements reveal that the emission intensity of [Eu(deppa);] is maximal at pH 4.8,
whereas for [Eu(meppa);]>~, the optimum pH is observed at 9.0. The lifetimes are all in the
millisecond range and have confirmed the absence of water molecules in the first coordination
sphere. The emissions of the terbium are always brighter than the corresponding europium
within this phosphoryl series. The quantum yields of the phosphoryl containing complexes
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are lower than the carboxylate analogue ([Ln(dpa);]>~), except for [Tb(deppa);], which exhibits an interesting quantum yield of

40% in aqueous solution.

B INTRODUCTION

The use of lanthanides complexes has extensively grown during
the past decade, especially because of their luminescence proper-
ties (i.e, narrow bands, long lifetimes, no photobleaching).l_3
Coordinating ligands with various shapes and structures are used
both to sensitize the luminescent cations and prevent the non-
radiative deactivations.* Among these ligands, a framework based
on dipicolinic acid has come out as a very versatile and efficient
coordinating and sensitizing moiety. Its derivatization has been
extensively investigated and is observed to be often detrimental
to the luminescence properties.””’ Nevertheless, most of these
derivatizations focus on extending the absorption range by coupling
with additional chromophores. A recent evolution in this field
was undertaken with a spatial decoupling of the chromophoric
unit and the coordinating moiety, thus allowing changing the nature
of the chromophoric unit with no impact on the coordination
moiety.8

The strong importance of the dipicolinic framework can not
only be explained by its very good photophysical properties for
luminescent lanthanide sensitization, but also is attributable to
the quick complexation with lanthanide cations and high stability
of the tris complex. Therefore, a dipicolinic moiety is also a good
coordinating group when it comes to ligand design, especially for
obtaining tris complexes.

Although most of the ligands designed for lanthanide ions are
coordinating to the metal with a carboxylate moiety (e.g., poly-
aminocarboxylates) or at least a carbonyl (e.g., 3-diketonates),
some other functional groups have also gained some interest.”
Among them, phosphoryl groups such as phosphonate or phos-
phoesters have been shown to usually enhance the stability with a
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similar complexation mode, compared to a carboxylate analogue
(for instance, when comparing 1,4,7,10-tetraazacyclododecane-
1,4,7-triacetic acid (Hzdo3a), 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (H,dota), and H,dota-like ligands).lo’11
Furthermore, phosphonates have shown a few interests for ap-
plications in magnetic resonance imaging (MRI) with Gd** com-
plexes, but also as an anchoring group for targeting bones or TiO,
nanoparticles.'>"?

We propose to investigate the influence of the coordinating
groups on the dipicolinic framework by replacing one of the car-
boxylic acid of dipicolinic acid by a phosphoryl derivative (diethoxy,
monoethoxy, or dihydroxy phosphoryl). The choice of phos-
phoryl coordinating units is justified by their known cationic
affinity and by the little documentation about their effect on the
luminescence properties of trivalent lanthanide cations."*™ "’
Here, we report the synthesis of three 6-phosphoryl picolinic acids
as ligands for lanthanide complexes. We study their stabilities and
photophysical properties, and we compare them to those of
europium and terbium trisdipicoliniate complexes. Interestingly,
the entire series of ligands (i.e., 6-phosphoryl picolinic acids and
dipicolinic acid) is water-soluble, thus allowing a direct compar-
ison of the complex properties in the same conditions. Figure 1
shows the general structure of dipicolinic acid (H,dpa), diethox-
yphosphoryl picolinic acid (Hdeppa), monoethoxyphosphoryl
picolinic acid (H,meppa), and dihydroxyphosphoryl picolinic acid
(Hsdhppa).
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Figure 1. Structure of the ligands: dipicolinic acid (H,dpa), diethox-
yphosphoryl picolinic acid (Hdeppa), monoethoxyphosphoryl picolinic
acid (H,meppa), and dihydroxyphosphoryl picolinic acid (Hsdhppa).

B EXPERIMENTAL SECTION

General Procedures. The solvents were purified by a nonhazar-
dous procedure by passing them through activated alumina columns
(Innovative Technology, Inc.).'® The chemicals were ordered from
Fluka and Aldrich and used without further purification. The electro-
spray ionization mass spectrometry (ESI-MS) spectra were obtained on
a Finningan Model SSQ 710C spectrometer, using 10 °—10"* M
solutions in acetonitrile/H,0/acetic acid (50/50/1) or MeOH, a
capillary temperature of 200 °C and an acceleration potential equal
to 4.5 keV. The instrument was calibrated using a horse myoglobin
standard, and the analyses were conducted in positive mode with a
4.6 keV ion spray voltage. The elemental analyses were performed by Dr.
E. Solari at the Ecole Polytechnique Fédérale de Lausanne. Nuclear
magnetic resonance ( 'H and *'P NMR) spectroscopy were performed
on a Bruker Model Avance DRX 400 spectrometer, and 13C NMR
spectroscopy was performed on a Bruker Model AV 600 MHz at 25 °C,
using deuterated solvents as internal standards. The chemical shifts are
given in parts per million (ppm), relative to tetramethylsilane (SiMe,).
High-performance liquid chromatography (HPLC) was performed on a
Waters Model 600 apparatus (pump and controller) with a Waters
Model 2487 dual A absorbance detector using a reverse-phase column
(Model Symmetry Cyg, 3.5 #4m, 4.6 mm X 75 mm) with an acetonitrile/
water eluent starting from 0% acetonitrile and increasing by 1% per minute
at a flow rate of 1 mL min~ .

Synthesis of the Ligands. 6-Diethoxyphosphoryl Picolinic Acid
(Hdeppa). Hdeppa was synthesized according to a known procedure,"*
starting from ethylpicolinate. The pure pale solid was obtained in 34%
yield from the starting material. HPLC analysis showed the presence of
one compound, with a retention time of 21.6 min. "H NMR (400 MHz,
D,0) 6, ppm: 8.17 (d, ] = 7.4 Hz, 1 H), 8.07 (m, 2 H), 4.15 (m, 4 H),
124 (t,] = 7.1 Hz, 6 H). *C NMR (126 MHz, D,0) 6, ppm: 167.7 (s,
COOH), 150.0 (d, J = 151.9 Hz, C,6—P), 149.0 (d, ] = 53.4 Hg,
Cpyrz—C),139.7 (d, ] = 11.8 Hz, CH,ys), 132.1 (d, ] = 24.8 Hz, CH,,,.5),
12838 (d, ] = 3.6 Hz, CH,y,3), 65.8 (d, ] = 5.6 Hz, 0-CH,—C), 16.9 (d,
J=5.7Hz, C—CH,).*'PNMR (162 MHz, D,0) 8, ppm: 12.5 (s). Anal.
Calcd for C,gH,,NOSP: 46.34% C, 5.44% H, 5.40% N; Found: 46.62% C,
5.47% H, 5.35% N.

6-Monoethoxyphosphoryl Picolinic Acid (H-meppa). 0.1 M Sodium
hydroxide (1.3 mmol, 13 mL), was added to a solution of 6-diethoxypho-
sphoryl picolinic acid (1.3 mmol, 337 mg) in water (32.5 mL) at room
temperature. After stirring for 1 h, another equivalent of 0.1 M sodium
hydroxide (1.3 mmol, 13 mL) was added. The reaction was completed
after 1.5 h, as shown by >'P NMR spectroscopy. The aqueous phase was
washed three times with CH,Cl, (3 x 60 mL) and acidified by 0.1 M
HCI down to pH 1.5. No precipitation was observed. After evaporation
of the solvent under reduced pressure, the precipitation of salts was
performed by addition of MeOH (2 mL). Evaporation of the filtrate
under reduced pressure and further precipitation of salts were repeated
three times to obtain Hymeppa in the form of a brownish transparent oil
(233 mg, 78%). HPLC analysis showed the presence of one compound
with a retention time of 8.0 min. "H NMR (400 MHz, D,0) 8, ppm:

8.44 (m,1H),8.32(d,J=8.0Hz, 1H),8.17 (t, ] =7.3 Hz,1 H), 3.89 (m,
2H), 1.14 (t, ] = 7.1 Hz, 3 H). *C NMR (126 MHz, D,0) 6, ppm: 163.9
(s, COOH), 1529 (d, ] = 178.7 Hz, C,,6—P), 146.6 (d, ] = 8.0 Hz,
Cpyrz—C), 143.1 (d, J = 9.2 Hz, CH,y,4), 131.3 (d, ] = 13.0 Hz, CH,,,5),
127.8 (s, CH,,.3), 65.1 (O—CH,—C), 14.7 (s, C—CH,). *'P NMR
(162 MHz, D,0) 0, ppm: 9.20 (s). Anal. Calcd for CsH;(NOsP-2HCl:
31.60% C, 3.98% H, 4.61% N; Found: 31.52% C, 3.56% H, 4.26% N.

6-Dihydroxyphosphoryl Picolinic Acid (Hsdhppa). 6-Monoethoxy-
phosphoryl picolinic acid (0.65 mmol, 150 mg) was dissolved in water
(5 mL), and §S M sodium hydroxide (10 mmol, 2 mL) was added. The
solution was refluxed for 6 h. The solvent was then progressively evaporated
to push the equilibrium toward the formation of the desired product.
The procedure was repeated once more until completion of the reaction
as shown by *'P NMR spectroscopy. The crude product was dissolved in
water (25 mL), and the aqueous phase was washed three times with
CH,Cl, (3 x 25 mL). The aqueous phase was then acidified with 0.1 M
HCI down to pH 1.5 without any precipitation of the product. After
evaporation of the solvent under reduced pressure, the precipitation of
salts was performed in MeOH similarly to Hymeppa and gave Hydhppa
as a pale brownish hygroscopic powder (86 mg, 63%). The HPLC
analysis showed the presence of one compound with a retention time of
1.1 min. "H NMR (400 MHz, D,0) 6, ppm: 7.80—7.72 (m). *C NMR
(126 MHz, D,0) 0, ppm: 163.7 (s, COOH), 152.9 (d, J=178.6 Hz,
Cpyes—P), 146.6 (d,] = 8.9 Hz, C,yry—C), 145.3 (d, = 9.6 Hz, CH,,,,),
1315 (d, ] = 13.2 Hz, CH,,s), 128.0 (5, CH,,,,3). >'P NMR (162 MHz,
D,0) d, ppm: 6.90 (s). Anal. Caled for CsHgNOsP-0.25NaCl- 1.1
MeOH: 31.02% C, 3.45% H, 5.10% N; Found: 31.09% C, 3.34% H,
5.17% N.

Physicochemical Measurements. Spectrophotometric Mea-
surements. The analytical-grade solvents and chemicals were used
without further purification. The aqueous solutions were prepared from
doubly distilled water. The lanthanide solutions were prepared from the
corresponding perchlorate salt and were titrated by complexometry,
using a standardized Na,H,EDTA solution in urotropine-buffered medium
and with Xylenol Orange as an indicator."?

The ultraviolet—visible light (UV—vis) absorption spectra were mea-
sured on a Perkin—Elmer Model Lambda 900 spectrophotometer using
1-cm-path-length quartz cells. The spectrophotometric titrations were
performed with a J&M diode array spectrometer (Tidas series) con-
nected to an external computer. All titrations were performed in a
thermostatted (25.0 °C) glass-jacketed vessel and in a 0.1 M solution in
KCI. In a typical ligand titration experiment, as a function of pH, 25 mL
ofa3 x 10 M ligand solution was titrated with a standardized 0.1 M
NaOH solution. The pH of the solution was continually measured with a
freshly calibrated 3.0 M KCl electrode to ensure the pH value after base
addition was stable. A UV —vis spectrum using a Hellma optrode (optical
path length of 1 cm) connected to the Tidas spectrometer and immersed
in the thermostatted vessel was then recorded once the pH value was
stable. The procedure was repeated to measure the absorption each
0.2—0.4 pH unit. Since the titrations were performed with a base addition,
the solutions were previously acidified with HCl until the absorption spectra
do not change anymore (pH 1—2).

The factor analysis and mathematical treatment of the spectrophoto-
metric data were performed with the SPECFIT program.”

NMR Measurements. The titrations of the ligands with Lu®>" were
performed via the addition of 2 uL of a 0.0825 M Lu(ClO,)5 solution in
D,0 t00.5mL ofa3 x 10> M solution of the ligand in D, O (0.11 equiv
of Lu®" per addition). The "H and *'P NMR spectra were recorded on a
Bruker Model Avance DRX 400 spectrometer.

Luminescence Measurements. The luminescence measurements
were recorded on a Fluorolog 3-22 spectrofluorimeter from Jobin—Yvon.
The emission and excitation spectra were measured in 1-cm-path-length
quartz cells at room temperature and in quartz Suprasil capillaries at 77 K
with 10% glycerol added to the solutions. All emission spectra were
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measured in photon counts and corrected for the instrumental function.
The luminescence evolution of the europium complexes was performed
by variation of the pH (similar to the titration of the ligands, butin a 1:3
europium/ligand solution).

The quantum yields were measured comparatively to europium or
terbium trisdipicolinate aqueous solutions in Tris-HCI 0.1 M at pH 7.4,
which exhibit a quantum yield of 24% or 22%, respectively.*" All con-
centrations were set at 1 X 10~ * M, including the concentration of the
reference trisdipicolinate complexes. The excitation wavelength was
chosen where the absorption spectra of the reference and of the sample
cross to ensure an identical amount of absorbed quanta.

Equation 1 describes the quantum yield calculation in nondiffusing
solutions:

[Emma [ roo-mio)a
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where I,;,(1) is the emission spectrum of the sample or reference, I°(1)
the incoming excitation light spectrum, and T(4) the transmittance of
the sample or reference.

The radiative lifetimes (7,), intrinsic quantum yields (®[2), and
sensitization efficiency (7).ens) were calculated according to the expres-
sions given in eqs 2a—c:?
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Here, k, is the radiative de-excitation rate, T, is the observed lifetime
upon radiative and nonradiative deactivation, and Ayp ¢ is the sponta-
neous emission probability for the purely magnetic dipole (MD)
transition, whose intensity is practically not influenced by the chemical
environment of the lanthanide ion (D, — ’F, in Eu®*; Anpp=14.65s" h.
In addition, n is the refractive index of the solvent and I,/ Iy is the ratio
of total emission intensity over emission intensity of the MD transition.

Water molecules in the first coordination sphere have been estimated
by the Supkowski and Horrock formula, given by eq 3a and 3b:>

g = Ao (H20) = Top,™ (D20) — k] (32)

kxu = a + fnou + Ynnu + O no=cnu (3b)

where T,p(H,0) is the lifetime in water, 7,,,(D,O) the lifetime in
deuterated water, nyy the number of XH oscillators in the first
coordination sphere, a the contribution of the water molecules in the
outer coordination sphere, /3 the contribution of an OH oscillator in the
first coordination sphere, ¥ the contribution of a NH oscillator in the
first coordination sphere, and O the contribution of a O=CNH oscillator
in the first coordination sphere.

The high-resolution excitation spectrum of the Dy < ’F, transition
was measured by exciting the sample from 579.39 nm to 581.38 nm with
a tunable rhodamine 6G dye laser (Coherent CR-599 dye laser, band

Table 1. Acid Dissociation Constants of the 6PPA Ligands”

H,dpa” Hdeppa H,meppa H;dhppa
pK., 0.5(2) 3.07(4) 3.41(9) 22(3)
pK. 2.03(1) 7.0(1) 44(2) 3.06(9)
pK.s 4.49(1) 6.4(2) 7.07(8)
pKay 7.53(9)

“In 0.1 M KCl aqueous solution at 25 °C. ” Data obtained from ref 24.

pass = 0.03 nm, 50—300 mW) pumped with an argon CW laser at
514 nm (Coherent Innova-90 argon laser, 8 W). The sample was frozen
at 12 K in a CTI-Cryogenics Cryodyne M-22 closed-cycle refrigerator
controlled by a Lakeshore 321 temperature controller. Ten percent
(10%) glycerol was previously added to the aqueous solution, to prevent
an excessive dilatation once frozen. The excitation wavelength was cali-
brated with a Spex 1404 double monochromator with holographic gratings
(band pass = 0.01—0.02 nm) and the emission intensity of the *Do — "F,
transition at 615 nm was monitored at 90° with a Hamamatsu Model
R943-02 photomultiplier with a cooled S-20 photocatode (—20 °C)
coupled to a Model DC-440 MHz wideband homemade amplifier (25 %
amplifier) and a Stanford Research Model SR-400 double-photon counter.

B RESULTS AND DISCUSSION

Acido-Basic Properties of the Ligands. The number of
protonation sites among the phosphoryl ligands is not constant.
The difference is dictated by the phosphoryl moiety. The dihydro-
xyphosphoryl (i.e., phosphonic acid) group has two protonation
sites and the monoethoxyphosphoryl has only one protonation
site, whereas the diethoxyphosphoryl does not possess any pro-
tonation site. The rest of the molecule is identical, with two addi-
tional protonation sites: either a pyridine that can be protonated
to give a pyridinium or a carboxylate that can be protonated to
give a carboxylic acid. Hence, the influence of the phosphoryl
substituents on the rest of the molecule may give useful pieces of
information to help better understand the physicochemical pro-
perties of the ligands and their complexes. Equation 4 shows the
equilibria involved in protonation in water:

Hydeppa® + HO 2 Hdeppa + H;0"

: Ko
K. i Hydhppa® + H,0 = Hjdhppa + H;,0*
Hdeppa + H,0 <~ deppa + H;0" : X
| a2
T i Hydhppa + H,0 == H,dhppa™ + H;0"

Himeppa® + H,0 =— Hmeppa + H;0" |
! Hydhppa' + H,0 == Hdhppa® + H;0"

Ko :
Homeppa +H,0  — Hmeppa + H;0" ! Kay
{ Hdhppa® + H)0  — dhppa* + H;0"
K3 :
Hmeppa™+ Hy0  — meppa® + H;0" : 4

The absorption spectra of Hdeppa, Hymeppa, and Hydhppa were
collected at different pH values, and these data were used to fit the
pK, values (see Table 1), using SPECFIT (see Figures S1—S3 in the
Supporting Information). Protonation models with two, three and
four pK, values were used. The reconstructed distribution diagrams
are shown in Figures $4—S6 in the Supporting Information.

The pK, values, obtained from the UV—vis absorption spec-
tra, correlates with the values obtained for other phosphonic
acids, based on related structures.*'® According to the acidic
nature of the carboxylic acid and basic behavior of the pyridine,
the two pK, values found for Hdeppa are attributed to the de-
protonation of the carboxylic acid concerning the pK,; = 3.07
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Figure 2. UV—vis spectrophotometric titration of a 9.0 x 107> M
aqueous solution of Hdeppa in KCI 0.1 M with Eu®*, pH 4.8, 298 K.
Arrows indicates the evolution upon the addition of Eu’".

(H,deppa™ = Hdeppa) and to the deprotonation of the pyr-
idinium nitrogen to form the pyridine for the pK,, = 7.0 (Hdeppa=
deppa™). Similarly, the pK,; value of Hymeppa (3.41), was
attributed to the carboxylic acid (Hsmeppa" = H,meppa), and
the pK,, value was attributed to the monoethyl ether phosphonic
acid (4.4) (H,meppa = Hmeppa ); the pK,; value was attrib-
uted to the pyridine nitrogen (6.4) (Hmeppa *= meppa’ ).
Concerning the four protonation sites of Hydhppa, the attribu-
tion of the acidic pK, values is intricate. Usually, phosphonic
acids are more acidic than their carboxylic analogues™® Never-
theless, the *'P NMR chemical shifts of the ligand in 0.1 M
D,S0,, D,O, or 0.1 M NaOD (see Table S1 in the Supporting
Information) show that the peak of the phosphorus nucleus is
more shifted by the removal of a proton from Hzdhppa than by
the removal of a proton from H,dhppa™. Such higher shifts of the
*'P NMR chemical shift may be expected for the removal of
phosphonic protons separated by only two chemical bonds from
the phosphorus, whereas the removal of the far carboxylic proton
should affect the chemical environment should affect to a lesser
extent the chemical environment of the phosphorus. For example,
the >'P NMR chemical shift of Hdeppa is only shifted from 12.5
ppm to £0.7 ppm by the addition of the carboxylic proton or the
removal of the pyridinium proton. On the other hand, the
increased capability of Hydhppa to form hydrogen bonds may
also have a significant influence on the chemical shifts. Therefore,
only the pK,; value of 7.07 can be easily assigned to the pyridine
core (H,dhppa™ = Hdhppa® ") and the pK,4 value of 7.53 to the
second deprotonation of the phosphonic acid (Hdhppa®~ =
dhppa®"). The pK,; and pK_, values are tentatively assigned to the
carboxylic acid and the phosphonic acid, respectively.

As a result, the main influence of a phosphoryl coordinating
moiety (diethoxy, monoethoxy, or diethoxyphosphoryl) on the
acido-basic properties of such ligands is a much more basic
pyridine in all the phosphoryl ligands, compared to dipicolinic
acid. A difference of at least 2 pK, units is observed. This has a
dramatic effect on the distribution diagrams of the phosphoryl
ligands (see Figures S4—S6 in the Supporting Information).
Because the full deprotonation of dipicolinic acid requires a pH
higher than 7.0, the deprotonation of the pyridinium in all
phosphoryl ligands needs a pH higher than 9.0.

Stoichiometry and Stability of the Ln Complexes. UV —vis
spectrophotometric titrations were performed to observe the

formation of the europium complexes. To a 9.0 x 10> M
aqueous solution of ligand in 0.1 M KC], increasing amounts of
europium perchlorate were added, up to more than 1 equiv of
Eu’" ions. The pH of the solution was kept at 4.8 for Hdeppa and
9.0 for meppa’~ via the addition of HCl and NaOH solutions.
These pH values will be shown to be optimal for luminescence.
Concerning Hsdhppa, the formation of a precipitate was ob-
served upon the addition of lanthanide salts. The stability con-
stants are then undetermined for this ligand. Interestingly, all the
ligands are water-soluble, but only deppa™ and meppa™ form
water-soluble complexes. Here, a highly charged ligand such as
dhppa’” is disadvantageous, since precipitation occurs in the
presence of lanthanide ions, whereas the uncharged [Ln(deppa);]
complex is very soluble in water.

A better definition of the absorption bands is observed for the
two titrated ligands upon the addition of Eu** ions, as seen in
Figure 2 and Figure S7 in the Supporting Information. This
behavior might come from the restricted vibrational modes of the
ligand when it is coordinated to the lanthanide ion.

The titration of Hdeppa shows a neat growth of its two
absorption peaks at 273 and 266 nm, whereas the remaining
shoulder at 260 nm decreases when the concentration of euro-
pium increases. Five isosbestic points have emerged at 275, 271,
268, 264, and 239 nm.

Concerning Hymeppa, the evolution of the absorption spec-
trum upon addition of the europium salt is more intricate (see
Figure S7 in the Supporting Information). Although a similar
evolution as Hdeppa is observed up to 0.33 equiv with a slight
bathochromic shift of 1 nm upon europium addition (see Figure 2),
an increase of absorption at the local minimum between 240 and
250 nm, at the maxima at 275 and 268, as well as at the shoulder
at 262 nm is observed up to 0.5 equiv. The minimum then keeps
growing, whereas the maxima decrease even below the absorp-
tion at 0.33 equivalent. One isosbestic point is defined at 280 nm,
the other crossings being either poorly defined or only valid for
part of the spectra.

Equation S gives the equilibria for the complex formation
(charge omitted):

Biiay

In + L [LnL]
Bt

Ln + 2L =2 [LnL,| (3)
Biiniy)

Ln 4+ 3L [LnL3]

The fitting with SPECFIT of the absorption spectra of both
ligands gives the log 3 values shown in Table 2. The distribution
diagram of the species formed during the titration of Hdeppa
by Eu®" is shown in Figure 3. The fitting of the absoption
spectra of the [Eu(deppa), ]’ " species needed a fixed log (11
value to converge toward reasonable reconstructed absorptiv-
ities. A value of 8.0 was found to give satisfactory results and
seems rational, by comparison with the stability constants of
[Eu(dpa)n]3_2" measured under comparable conditions with the
same technique.”' The fitting of the absoption spectra of the
[Bu(meppa),]*> " species was not as good as the fitting for the
[Bu(deppa),.]> " species. Although the values presented in Table 2
yielded realistic reconstructed absorptivities for every species, the
log /3 values are to be taken cautiously.

Despite the limits of the fitting procedure, the similar stability
constants (within experimental error) for all [Eu(deppa),]* "
and the [Eu(meppa)n]372" (n € [1,3]) stoichiometries suggest
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Table 2. Stability Constants of the Complexes (in KC10.1 M,
298 K)

H,dpa,“ pH 7.4 Hdeppa, pH 4.8 H,meppa, pH 9.0

log Bl 8.7(3) 8.0 (fixed) 82(4)

1og BiraLs] 16.8(3) 162(2) 16.0(5)

10g BeuLs) 22.4(3) 23.8(2) 24.3(4)
“Data taken from ref 21.

1.0+ free L

00] /1 [EuL]
0.8
0.7 [EuL]

0.6 /
] [EuL,]

0.5

0.4

0.3+

Ligand fraction in species

0.2+
0.1+

0.0 'jl"l"l"l"l"l"l"l
00 05 1.0 1.5 2.0 25 3.0 35 40

Number of Eu(lll) equivalent

Figure 3. Distribution diagram of the species formed during the titration of
Hdeppa by Eu** in KC1 0.1 M, pH 4.8, 298 K. Dashed line indicates the
maximum of the 1:3 species at 0.33 equiv.

that the phosphoryl substituents (i.e, a PO(OEt), versus a
PO(OEt)OH) have no strong effect on the coordination strength
or coordination mode. However, relative to the [Eu(dpa),]*> "
complexes, the 1:3 species of the phosphoryl analogues seem
more stable than the parent carboxylate, similar to that which
what have already been observed with other phosphoryl-based
ligands.15 The increased stability, compared to [Ln(dpa),]* "
complexes can be rationalized by the increased basicity of all the
coordinating groups in the 6-phosphoryl picolinate series. A
strong base is usually a good coordinating group, because of its
better electron-donating ability (by definition, a base is an electron
donor, according to Lewis’s definition of acids and bases).

The stability of such complexes is dependent on the pH. We
chose to set a different pH for each complex, because these values
are demonstrated to be optimal for luminescence in the next section.

To further check the presence of a 1:3 complex being the main
species in solution, NMR experiments were conducted. The
ligands were dissolved in D,O and titrated by Lu’*. *'P NMR
spectroscopy was found to be really useful, exhibiting different
signals for each species (both proton speciation of the ligands and
complex species).

This is particularly true for the Hdeppa ligand that shows a
defined peak at 0.33 equiv of Lu®" (Figure 4). During the titration
of Hdeppa by Lu’*, an evolution of the ligand single peak at
12.5 ppm is observed upon addition of the lanthanide salt. The
ligand peak decreases in intensity as soon as lutetium is added.
A new peak consistent with the appearance of [Lu(deppa)s]
forms at ~20 ppm and remains for lutetium amounts from 0.33
equiv to 0.44 equiv. It then begins to decrease in agreement with
the decrease of the 1:3 species concentration. A new broad peak
appears then between 20 and 21 ppm before a defined peak
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Figure 4. *'P NMR spectrum of 3 x 10> M Hdeppa in D,0, titrated
by Lu*", pD ~5.4.

Table 3. Main Peaks of the ElectroSpray Ionization Time-of-
Flight Mass Spectrometry (ESI-TOF-MS) Analysis of the
[Eu(deppa);] Complex in Water

species m/z (obs) m/z (calcd)
(Eu(deppa); + 2H'] 46471 464.55
[Eu(deppa); + 1H] 928.39 928.09
[Eu(deppa),]” 669.23 669.02

emerges from the broad one and keeps growing as the concen-
tration of the [Ln(deppa)]>* species increases.

The Hymeppa spectrum, on the other hand, is poorly defined
at 0.33 equiv of lutenium (see Figure S9 in the Supporting
Information). A peak at 15 ppm is observed at metal concentra-
tions higher than 0.33 equiv of lutetium, and a progressive
decrease of the free ligand peaks at 3 ppm and 7.9 ppm (two
protonated species are present at this pD value) is encountered up
to 0.33 equiv of lutetium. This experiment did not directly enable
visualizing the formation of a major [Lu(meppa);]*~ species, but
the evolution of the other species associated with the observed >'P
NMR peaks suggests that a 1:3 complex form at 0.33 equiv of
lutetium, similar to that observed for [Lu(deppa)s]. The 1:3
stoichiometry was further tested by mass spectrometry. Some
europium perchlorate and the appropriate amount of ligand were
dissolved in distilled water, keeping a strict 1:3 concentration ratio,
and the resulting solution was injected in an electrospray mass
spectrometer within a micromolar concentration range.

The [Eu(deppa);] complex was detected as monoprotonated
and biprotonated tris species (see Table 3 and Figure S10 in
the Supporting Information). The isotopic distributions of the
measured species are in agreement with the calculated distribu-
tions expected for these complexes.

Peaks corresponding to [Eu(meppa),] ™ have been measured,
but no tris species was observed with this method. It may be due
to the conditions required for mass spectrometry (i.e., the detection
of complexes in negative mode being somewhat more difficult
than detection in positive mode). However, because lumines-
cence-based methods, presented in the photophysical properties
section, have proved the formation of a nonhydrated coordina-
tion sphere in meppa®~ complexes at pH 9.0 upon a metal:ligand
ratio of 1:3, the ligand-filled coordination sphere that corre-
sponds to the 1:3 species should be the major species.

Luminescence as a Function of pH. The emission spectra of
[Eu(deppa);] and [Eu(meppa);]*~ were measured as a function
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Figure S. Normalized integrated emission intensity of (O) [Eu(deppa);]
and (A) [Eu(meppa);]*~, as a function of pH. Concentration of the
complex (either [Eu(deppa)s] or [Eu(meppa)3]37): 1x 10 *MinKCl
0.1 M aqueous solution, 298 K. Solid lines are drawn to indicate the chosen
pH values resulting in a maximal emission of the considered complex.

of pH. The integration of the emission and the normalization,
relative to the maximal integrated intensity, results in Figure S.
An optimum pH value at 4.8 is found for [Eu(deppa)s], whereas
[Eu(meppa);]*~ is found to be more luminescent at pH 9.0. This
phosphoryl series then nicely complements the maximum lumi-
nescence of [Eu(dpa);]*~ at pH ~7.4.>'

The competition between the complex formation and the pro-
tonation of the ligands usually prevents an acidic optimal lumines-
cence, whereas, on the other hand, the competition between the
formation of the complex and the formation of lanthanide hydro-
xides generally avoids basic optimal luminescence. Such difficul-
ties are not encountered with [Eu(deppa);], which keeps 75% of
its maximal emission in the acidic range from pH 2.8 to pH 7.4,
and with [Eu(meppa);]*~, which still emits 75% of its maximal
emission in a range from pH 5.2 to a fairly basic value of 10.4.

The modifications of the absorptions of the complexes as a
function of pH correlates well with the absorption of the free
ligands as a function of pH. The absorption of [Eu(deppa);] at
266 nm remains fairly constant over the entire pH scale, whereas
the absorption of [Eu(meppa);]®>~ at 268 nm significantly
changes (see Figures S11 and S12 in the Supporting Infor-
mation). The greater the acidity, the more [Eu(meppa)3]37
absorbs (decreasing as pH increases). Therefore, the absorption
behavior of [Eu(meppa)3]37 is inverse to that of the emission.
The obvious consequence of this behavior is that the quantum yield
of [Eu(meppa);]>~ benefits from both a better emission and a lower
absorption at the optimal pH.

In addition, the integrated emission may be taken as an estimation
of the quantum yield as a function of pH for [Eu(deppa);]. This
is not the case for [Eu(meppa);]*~, because its absorption con-
siderably changes with pHj; its quantum yield at low pH should
decrease even more than the relative integrated emission of the
luminescent lanthanide.

The effect of the pH under non-optimal conditions was further
investigated by looking at the emission spectra of the *Dy—F,
hypersensitive transition of europium and its decay rate. The
emission spectra of the *Dy—"F, hypersensitive transition of
europium may indicate if the coordination is changing as a
function of pH, whereas the lifetime analysis may indicate the
presence of more than one emitting species.

Concerning [Eu(deppa);], the hypersensitive transition does
not seem to be affected by the change of pH. The emission just
increases or decreases, but the shape is identical. The lifetimes at
pH 4.8 and pH 7.4 are well-fitted with a mono exponential decay.
A double exponential did not improve the residuals of the fittings.
The lifetimes are presented in Table S2 in the Supporting Infor-
mation. The mono exponential decay of the Eu emission is
similar within experimental error at pH 4.8 and at pH 7.4.
Therefore, the observed lifetime of 1.9 ms seems to be indepen-
dent of the pH. If the loss in emission intensity is due to some
decomplexation or to the formation of other species, these
species are practically nonluminescent so that only the decrease
of the amount of the tris species is observed. If the loss in emis-
sion intensity were due to some quenching of the Eu emission,
the lifetime would be affected. The lifetime is consistent with the
hypersensitive transition. No structural change in the tris com-
plex is observed.

For [Eu(meppa);]®~, the shape of the hypersensitive transi-
tion changes from the acidic pH values to the neutral and basic
pH values (see Figure S13 in the Supporting Information). At
pH 2, the transition is asymmetrically split, whereas at pH 11,
the transition is symmetrical. The coordination of the Eu** ion to
the meppaz_ ligands is then affected in acidic solutions, and the
species formed in acidic solutions is luminescent, even if to a
lesser extent than the species that is encountered at the optimal
basic pH.

Let us call the species found at pH 9 the optimal species, and the
species formed in acidic solutions and exhibiting a disrupted
inner coordination sphere the acid-induced species. The asymme-
trical transition measured at pH 2 is then attributed to the acid-
induced species and the symmetrical transition measured at pH
11 is attributed to the optimal species. The amount of acid-
induced species at pH values of 5, 7, and 9 was estimated by
fitting the normalized emission spectra of the europium hyper-
sensitive transition at the considered pH, using a linear combina-
tion of the normalized emission spectra at pH 2 and pH 11. This
procedure might allow one to retrieve the percentage of acid-
induced species and optimal species present in the *Dy—'F,
transitions at the intermediate pH values. Only 13% of the acid-
induced species was fitted at pH S, 8% at pH 7, and none at pH 9.
This suggests that no residual inefficient acid-induced species
remain at pH 9.

A lifetime analysis at pH values of 5, 7, and 9 was conducted
similarly to [Eu(deppa);]. Here, the decay was found to be better
fitted with double exponentials. A long lifetime of 2.0 ms and a
shorter lifetime of 0.4 ms were found within the decay at all of the
measured pH values. The percentage of the long lifetime was
found to decrease, relative to the percentage of the short lifetime,
as the pH decreases (see Table S2 in the Supporting Information).
This result is in reasonable agreement with the fitting of the hyper-
sensitive transition. The short lifetime species can thus be as-
sociated with the acid-induced species. The exact nature of this
species is unknown; nevertheless, since the [Eu(deppa);] com-
plex did not show any structural change in the *Dy—"F,
transitions as a function of pH, the monoethoxyphosphoryl
functional group is almost certainly involved in such a change.

Photophysical Properties. The emission and excitation spectra
of the ligands and their gadolinium, europium and terbium com-
plexes were measured both at room temperature and at 77 K (see
Figures 6 and 7). An aqueous KCI 0.1 M solution was used as a
solvent, and 10% of glycerol was added for the low-temperature
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Figure 6. Excitation and emission spectra of deppa™ and its complexes
at 77 K. Conditions: 50 us time delay; deppa ~ concentration=1 x 10 *M,
in 0.1 M KCl aqueous solution; pH 4.8.
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Figure 8. High-resolution excitation spectrum of the Dy < "F, trans-
ition for the emission at 615 nm. Conditions: 12K, 5 x 10> M aqueous
solution of [Eu(deppa);], pH 4.8 with 10% glycerol. Maximum observed
at 17226 cm™ ' (580.53 nm), half-width of 8.4 cm ™.
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Figure 7. Excitation and emission spectra of meppa”~ and its complexes at
77 K. Conditions: 50 us time delay; meppa®~ concentration =1 x 10 *M,
in 0.1 M KCl aqueous solution; pH 9.0.

measurements. The pH was set at the optimal value for lumines-
cence with 0.1 M HCl and 0.1 M NaOH.

Both ligands (deppa ™ and meppa® ) exhibit a broad triplet emis-
sion band at low temperature (77 K), SO us after the pulsed exci-
tation at 274 nm. This emission becomes slightly sharper upon
coordination with a non-emissive lanthanide ion (here, gadolinium)
and is strongly decreased when the energy can be transferred to a
luminescent lanthanide ion (europium and terbium). An almost-
complete disappearance is observed with deppa™ complexes, and
a faint remaining triplet emission is observed with the meppa®~
complexes. This already shows a better energy transfer from the
deppa triplet state to the lanthanide ion than from the meppa®~
to the same lanthanide ion.

The excitation spectra are all located on the absorption range
of the ligands and have similar shapes as the absorption spectra,
meaning that the energy is indeed absorbed by the ligands and
transferred to the lanthanide (antenna effect).

A usual broadening of the emission peaks of the luminescent
cations and a disappearance of the remaining emission from the

triplet state is experienced between the emission spectra of the
europium and terbium complexes measured at room tempera-
ture and at low temperature, but no other significant difference is
observed.

The emissions of europium and terbium were then character-
ized at room temperature by their lifetime analysis, as well as with
the determination of their quantum yields.

The fitting of [ Eu(deppa) is mono exponential and the
fitting of [Eu(meppa);]>~ is a double exponential decay, exhibit-
ing a long lifetime and a short lifetime. The mono exponential
lifetime and the long double exponential lifetime are in the milli-
second range. They are fairly similar, with values of 1.9 ms
for [Eu(deppa);] and 2.0 ms for [Eu(meppa);]*~. The shorter
second lifetime of [Eu(meppa);]° ™ is 0.4 ms. These lifetimes are
in good agreement with typical values for filled and hydrated
coordination sphere. As a comparison, the standard [Eu(dpa);]*~
complex exhibits a long lifetime (~1.7 ms) and a short lifetime
(~0.3 ms) that is attributed to the tris-hydrated [Eu(dpa),]
species.21

When it comes to the terbium emission, [ Tb(deppa)s] exhibits a
high lifetime of 2.4 ms, whereas [ Tb(meppa);]>~ shows a lifetime
of 1.4 ms. In addition, the lifetime of [Tb(deppa);] remains un-
changed upon cooling to 77 K, indicating that no significant
vibrationally assisted back transfer is occurring from the Tb>" ion
back to the ligand. In comparison, [Eu(deppa);] has a higher
lifetime of 2.3 ms at 77 K versus 1.9 ms at room temperature.

The number of water molecules in the first coordination
sphere (q) was determined for the europium complexes by
measuring the lifetimes both in HZO and D,0. Using eqs 3a
and 3b, along with @ = 0.31 ms™ 'and A = 1.11 ms, and zero XH
oscillators in the first coordination sphere, no water molecules
are found (see Table S3 in the Supporting Informatlon)

Ahigh-resolution excitation spectrum of the *Dy — "F, transition
was performed for the europium tris(diethoxyphosphoryl pico-
linate). A5 x 10~ M aqueous solution of [Eu(deppa);], pH 4.8,
with 10% glycerol added was frozen at 12 K and the high-
resolution excitation spectrum recorded for the emission of the
5DO - 7F2 transition (see Figure 8).

A single peak is measured with a maximum at 17226 cm™ * and
ahalf-width of 8.4 cm ™. This clearly demonstrates that the emitting

-1
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Table 4. Radiative and Observed Lifetimes (7), Sensitized
and Intrinsic Quantum Yields (®), and Sensitization Effi-

ciencies (17) (Concentration = 1.0 x 10~ * M, 298 K under
Optimal Conditions (see above); Estimated Errors = 10%)

Tobs (ms) 7, (ms) Dy 1n Dpin Msens

[Eu(dpa);]*>~ “ 1.7 4.4 0.24 0.39 0.61
[Tb(dpa);]*>~ 2.1 n.d. 0.22 n.d. n.d.
[Eu(deppa);]® 19 62 0.15 031 0.49
[Tb(deppa);]” 2.4 n.d. 0.40 n.d. n.d.
[Eu(meppa);]*~ © 2.0 52 0.08 0.38 0.21
[Tb(meppa);]*~ ¢ 1.4 n.d. 0.14 n.d. n.d.

“From ref 24. pr =4.8. “pH =9.0.

Eu’" ion has only one defined coordination geometry. Hence,
the 1:3 complex is the major species and exhibits only one geo-
metry in the case of deppa ™ as the ligand.

The quantum yields were finally calculated relative to the
europium and terbium trisdipicolinate emission. The europium
emission spectra were then used to calculate the radiative life-
times, intrinsic quantum yields, and sensitization efliciencies,
according to eqs 2a—c (see Table 4).

The deppa -sensitized emissions are always better than the
meppa” -sensitized ones. The europium emission is more efficient
first in [Eu(dpa)3]37, then in [Eu(deppa);] and weaker in [Eu-
(meppa);]®~. The quantum yield between the [Eu(deppa)s]-
and the [Eu(meppa);]® -sensitized europium emission decreases
by a factor of ~2. When looking at the intrinsic quantum yields
and sensitization efficiencies, the difference between [Eu(deppa);]
and [Eu(meppa);]®~ is mainly due to the better sensitization effi-
ciency of the deppa™ ligand. Almost half of the absorbed photons
are transferred to the lanthanide with deppa ", versus only 21% with
meppa”~. In addition, the slight increase in intrinsic quantum yields
from [Eu(deppa);] to [Eu(meppa);]*~ is not sufficient to com-
pensate for the lower sensitization of the meppa”~ ligand.

Concerning the terbium emissions, better efficiency is found
in [Tb(deppa);]. A high quantum yield of 40% is reached,
which is almost twice the [Tb(dpa);]* -sensitized emission.
[Tb(meppa);]*~ is also better than the corresponding euro-
pium emission, with a fair 14% quantum yield.

Very high terbium quantum yields (up to 95%) have already
been measured in aqueous solution with functionalized 2,6-bis-
pyrazolyl-pyridine derivatives.”® Such ligands form 1:1 com-
plexes with lanthanide ions. The replacement of the carboxylate
coordinating groups in such 2,6-bispyrazolyl-pyridine derivatives
with phosphonates was also undertaken and yielded lower quantum
yields and higher lifetimes.'® Despite the unique example of carbo-
xylate-functionalized 2,6-bispyrazolyl-pyridine derivatives, quan-
tum yields higher than those of the luminescent [Ln(dpa);]*~
complexes in aqueous solutions are seldom encountered. Thus, a
quantum yield of 40% remains high, compared to the average
quantum yields in aqueous solutions.

Although no simple calculation of the radiative lifetime of terbium
luminescence is known, some reasonable assumptions consider-
ing the efficiency of the high [Tb(deppa);] luminescence can be
undertaken, based on the previous discussion on lifetimes. Because
cooling the sample seems to have no effect on the lifetime, the
energy is lost by other means than back transfer. Hence, the portion
of the sensitization efficiency coming from the ligand-to-metal
energy-transfer efficiency should be rather high (higher than with
usual values for which back transfer is taking place). The limiting

factor of this sensitization efficiency might then be the inter-
system crossing of the ligand from singlet to triplet. Nevertheless,
no indication considering the intrinsic quantum yield is available,
so that it is difficult to discuss whether the high quantum yield is
the result of a high sensitization and an average intrinsic quantum
yield or an average sensitization with a good intrinsic quantum yield.

Rationalizing the lower quantum yield of the meppa®~ com-
plexes, compared to the corresponding deppa™ ones, should also
be performed carefully, since very few data are available to con-
firm the assumptions. A similar observation was performed, com-
paring helicate structures formed with monoethoxyphosphoryl
or dihydroxyphosphoryl groups replacing the carboxylates.'* There,
the dihydroxy helicate complex usually had a lower quantum
yield than the monoethoxy analogue. The attempted explanation
was a higher hydrophilicity of dihydroxy groups, which could
generate more hydrogen bonding with proximate water mol-
ecules. However, a simple structure-based discussion might yield
some further interesting considerations. The structural difference
between the two ligands is the replacement of one ethoxy group
on the phosphoryl with a hydroxyl group. Independently of any
consideration on the coordination mode of the phosphoryl group,
the removal of one ethoxy has two direct consequences. First, it
relaxes some steric hindrance in the complex, and furthermore
introduces an additional negative charge, which might allow a
harder interaction between the phosphoryl and the cation and,
thus, should shorten the distance between the ligand and the
metal ion, compared to the interaction with an uncharged co-
ordination site. Therefore, the major difference between the two
complexes ([Ln(deppa);] or [Ln(meppa)s]®~) is certainly a
slightly different distance and tilt between the ligands and the
lanthanide ion. Looking at the triplet state energies in Figures 6
and 7, the position is fairly similar, so that the energy gap between
the triplet state and the excited levels of either europium or
terbium should be similar for both li%ands. In addition, as already
partly proposed by Chauvin et al,"* the negative charge might
induce some other effects (for example, on the surrounding
solvent), which might favor quenching and impact the transfer
rate from the ligand toward the lanthanide ion, the deactivation
of the excited state of the ligand, and the different deactivations of
the lanthanide ion.

Bl CONCLUSIONS

6-Diethoxyphosphoryl picolinic acid, 6-monoethoxyphosphoryl,
and 6-dihydroxyphosphoryl picolinic acid were synthesized and
used as ligands for luminescent lanthanide complexes. The for-
mation of lanthanide complexes was studied and showed com-
parable stabilities within the phosphoryl series, except for the di-
hydroxy ligand, because of a prompt precipitation when a lanthanide
cation is added. Similar to the literature, the phosphoryl deriva-
tives tend to increase the stability constants, compared to a carbo-
xylate analogue.®” A nice complementary behavior was shown
between dpa’~, deppa”, and meppa’~ complexes, which have
respective maximum emission intensities in neutral (pH 7.4),
acidic (pH 4.8), and basic (pH 9.0) media. Hence, an uncom-
monly low pH value of 3 still allows a good emission of Eu tris-
deppa™ complex, whereas an uncommonly high pH of 10 still
allows a good emission of Eu tris-meppa” complex. This pH
behavior was partly explained for [Eu(meppa);]*~ by pointing at
a change in the shape of the hypersensitive *Dg—F, europium
transition that indicates a change in the inner coordination
sphere at low pH. The presence of a mixture of the disturbed,
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possibly protonated complex species, together with the more
efficiently luminescent tris complex under acidic conditions, up
to neutral conditions, was also confirmed by lifetime analysis.

For the europium tris-deppa™ complex, a fair quantum yield of
15% was measured at the optimal pH. It was found to be much
more important for Tb tris-deppa , with a quantum yield of 40%.
On the other hand, Eu and Tb tris-meppa”~ complexes have
lower quantum yields, with 8% and 14%, respectively. The life-
times in deuterated water precluded the presence of water
molecules in the first coordination sphere of deppa and meppa®~
complexes. A high- resolution excitation spectrum of the *Dy <
’F, transition at low temperature also demonstrated that the Eu>"
ion has a single geometry with deppa ™ as the ligand. The esti-
mations of the radiative lifetimes and intrinsic quantum yields of
the europium complexes suggest a better emission efficiency of
the europium in [Eu(meppa);]*~, compared to [Eu(deppa);];
however, the low sensitization efficiency significantly decreases
the quantum yield, so that [Eu(deppa);] is a better emitter than
[Eu(meppa)3]37. This significant decrease in lanthanide quan-
tum yield from the sensitization with a deppa ligand to the sen-
sitization with a meppa®~ ligand might be rationalized by plausible
structural differences induced by the negative charge and the less-
hindered ligand, as well as by possible increased solvent interac-
tions in the charged and less-hindered meppa®~ complex favor-
ing nonradiative deactivations.

Comparatively to the dipicolinic acid complexes, it is obvious
that the 6-phosphoryl picolinic ligands are, to some extent, more
intricate. This may favor the simpler dpa®~ as standards for
quantum vyields, for example; however, it opens many perspec-
tives for applications and investigations based on deppa™ and
meppa27 structures.

This class of ligands might have potential applications as
probes or sensors as well as in color reproduction domains
because of their interesting pH complementarities, of the poten-
tial sensing abilities of the monoethoxyphosphoryl group (which
are yet to be explored), and of the high quantum yield of the
terbium diethoxyphosphoryl complex.
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