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Dipicolinate-based ligands substituted with azido- or amino- functional groups were synthesized and char-
acterized. Crystal structures of Ens, Cna, Cnuz2, and Exu2 were obtained, and the ability of these compounds to
sensitize Ln™ luminescence (Ln™ = Eu™ and Tb™) was explored. Luminescence efficiencies of Eu™ and Tb™
were determined and are ¢, = 0.11%, 0.15%, and 13.8% for [Ln(Cys)s]®*, [Ln(Ens)s]®", [Ln(Crpa)s1®?,
respectively, and ¢™ = 0.30%, 0.27%, and 28.9% for [Ln(Cy3)51>", [Ln(Eys)s]® ", [Ln(Expz)3]3 " . The highest
luminescence efficiencies are ¢g, = 14.4% for [Eu(Enpa)s]®" and ¢y, = 29.7% for [Tb(Cypo)s]®*. Similar 1S

and T excited state energies were observed for all ligands and did not explain the observed discrepancies in

luminescence efficiency of their Tb™ and Eul

™ complexes. Further analysis revealed that the azido-derivatives

were not photostable, which likely contributed to the low luminescence efficiency.

1. Introduction

The luminescence properties of lanthanide (Ln™) complexes are
attractive for use as sensors [1-4], light-emitting diodes [5,6], and in
immunoassays|[7] due to their large Stokes shifts of sensitized emission,
color purity, and long-lived excited states. A few examples of lumi-
nescent Ln™ complexes (Fig. 1) include highly luminescent visible
emitting Eu™ and TH™ complexes (1), [8] water-soluble visible and NIR
emitting Ln™ complexes (2), [9] a 2,24,2‘*,2°“- [4‘-(aminobiphenyl-4-
yD)-2,26¢,2* “-terpyridine- 6,6 --diyl]bis(methylenenitrilo)] tetrakis
(acetato) (ATBTA) Eu'™ complex appended to agarose beads for Eu™
luminescence imaging of zebrafish embryos (3), [10] a turn-on Tb™
complex for the detection of nitroreductases in living bacteria (4), [11]
and pyclen-based Ln™ luminescent complexes as in vitro and in vivo
bioprobes using one- and two-photon excitation (5).[12]

As shown in Fig. 2, Ln"™ sensitization begins with the population of
the ligand excited singlet state (s) after photon absorption (hv). Sub-
sequent intersystem crossing (ISC) generates a long-lived excited triplet
state (3T). If the energy of 3T is well matched to the emissive excited
state of the Ln™ (f*),[13] energy transfer (ET) can occur, and the Ln™
decays by luminescence (L) to the ground state. Nonradiative (NR)
pathways can lead to quenching of excited states. Other possible ra-
diative processes are fluorescence (F) and phosphorescence (P).

The overall efficiency of sensitized Ln"™ emission () is described
by equation (1), which is a product of the efficiencies of the consecutive
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individual energy transfer steps. ¢ is the efficiency of intersystem
crossing, and ¢y is the efficiency of the energy transfer from 3T to f*.
The combined efficiency of these two steps corresponds to the sensiti-
zation efficiency (nsns) of the ligand. The efficiency of the last step, L, is
the intrinsic quantum yield of luminescence of the metal ion (¢fﬁ).

¢Ln = ¢ISC X <;SET X ¢if:: = Nyens X li.‘r’: (1)

The dipicolinate scaffold has been widely used in our group
[9,14-16] and by others[17-27] to study the luminescence properties
of Ln™ complexes because of the ability to easily functionalize the
pyridine at the para-position. We reported 0, generating Ln™ lumi-
nescent complexes that featured 1,8-naphthalimide or oligothiophene
moieties at the para position of dipicolinato chelators.[14,15] Our
group also reported compounds that display Eu™ and Yb™ emission
upon one- and two-photon excitation using a dipicolinate derivative.
[28]

Here, we describe four chelators featuring terminal azido- or amino-
groups, all of which were previously isolated as intermediates.[15,29]
Compounds that feature terminal azides or amines, like the compounds
studied here, have significant utility in organic syntheses such as azide/
alkyne click chemistry, Schiff base formation, and are important for
small molecule synthesis.[30,31] Furthermore, they are important in
systems that are biologically relevant,[29,32-34] and thus, their lu-
minescent Ln™ complexes might be useful in bioimaging or other
medicinal applications.[2,10,12,29,32,35-37] These compounds and
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Fig. 1. Examples of luminescent Ln'" complexes.

their Eu™ and Tb™ complexes were synthesized, and their photo-
physical properties were explored.

2. Experimental section
2.1. Materials and methods

All commercially obtained reagents were of analytical grade and
were used as received. Solvents were dried and purified by standard
methods unless otherwise noted. All synthetic steps were completed
under N, unless otherwise specified.

All data presented in this work are the average of at least three
independent measurements.

Nuclear Magnetic Resonance (NMR) spectroscopy. NMR spectra were
recorded on Varian 400 or 500 MHz spectrometers at 25.0 * 0.1 °C
with chemical shifts reported (8, ppm) against tetramethylsilane (TMS,
0.00 ppm).

X-ray crystallography. Crystal data, data collection, and refinement
details for Cy3, Cnm2, Ens, and Engo are given below. Suitable crystals
were mounted on a glass fiber and placed in a low-temperature nitrogen
stream of a Bruker SMART CCD area detector diffractometer. A full

sphere of data was collected using a graphite-monochromated Mo-Ka
radiation source (A. = 0.71073 A). Multi-scan absorption corrections
were applied using SADABS.[38] The structures were solved by direct
methods and refined by least-square methods on F using the SHELXTL
[39] programming package. All non-hydrogen atoms were refined an-
isotropically. The hydrogen atoms were added geometrically, and their
parameters were constrained to the parent site.

CCDC 1995777 (Cn3), 1995778 (En3), 1995779 (Enmz), and
1995780 (Cyy2) contain the supplementary crystallographic data of the
molecular structures obtained for this paper and can be obtained free of
charge via www.ccde.cam.ac.uk/conts/retrieving.html or from the
Cambridge Crystallographic Data Centre, 12 Union Rd. Cambridge CB2
1EZ, UK; fax: +44-1223-336033; or deposit@ccdc.cam.ac.uk.

Absorption spectroscopy. Absorption spectra were measured on a
Perkin Elmer Lambda 35 spectrometer equipped with deuterium and
tungsten halogen lamps (Perkin Elmer) and a concave grating with
1053 lines/mm. They were collected using a scan speed of 480 nm/min
in the range of 225-600 nm with a photodiode detector. All spectra
were background corrected, using solvent as the blank. Spectra of the
ligands and their complexes were collected at 25.0 * 0.1 °C. The
temperature of the cell holder was controlled with a circulating bath.
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Fig. 2. Energy level diagram illustrating the mechanism for Ln'! sensitization.

Energy hv is absorbed by the ligand to populate a singlet excited state ('S). A
triplet excited state (*T) is populated after intersystem crossing (ISC). >T can
transfer energy (ET) to the emissive f* excited state, which decays by lumi-
nescence (L) to the ground state. Nonradiative (NR) pathways can lead to
quenching of excited states. Other possible radiative processes are fluorescence
(F) and phosphorescence (P). Energy levels are not drawn to scale.

Excitation and emission spectroscopy. Emission and excitation spectra
of the ligands and their Ln™ complexes were obtained at 25.0 + 0.1°C
(the temperature of the cell holder was controlled with a circulating
bath) in a Fluorolog-3 fluorimeter (Horiba FL3-22-iHR550), with a
1200 grooves/mm excitation monochromator with gratings blazed at
330 nm and a 1200 grooves/mm or 600 grooves/mm emission mono-
chromator with gratings blazed at 500 nm or 1000 nm for the UV-Vis or
NIR range, respectively. A 450W ozone-free xenon lamp (Ushio) was
used as the radiation source. The emission spectra were measured in the
range 350-800 nm using a Hamamatsu 928P detector and in the range
800-1600 nm using a Hamamatsu 5509-73 detector cooled with liquid
N,. All excitation and emission spectra were corrected for instrumental
function.

Emission titrations with Tb™ nitrate. A solution of the ligand
(5 x 1075 M) was titrated with aliquots of Tb(NO3); (1.0-1.3 mM),
and the resulting emission spectra were measured (Fig. 6, 20-22). The
maximum intensity of the D, — 7F5 was plotted as a function of
Tb™:ligand ratio.

Excited state determination. The 'S and >T energies were obtained at
~77 K by deconvoluting the fluorescence and phosphorescence spectra
of the gadolinium complexes into their Franck-Condon progression and
are reported as the 0-0 transition [40].

Emission efficiency measurements. The efficiency of sensitized emis-
sion ¢rn, the fluorescence efficiency ¢F, and efficiency of 10, generation
102 were determined by the dilution method using Equation (2).[41]

Grad n? I
¢x = = x ; x id(?sstd
Gradgy nyy L @

Grad is the slope of the plot of the emission area as a function of the
absorbance, n is the refractive index of the solvent, I is the intensity of
the excitation source at the excitation wavelength used and ¢ is the
quantum yield for sample, x, and standard, std.

Standards for emission quantum yield measurements were Csz[Eu
(dpa)s] (pey = 24%, 7.5 % 10° M in aqueous TRIS/HCI buffer (0.1 M,
pH ~ 7.4)), for Eu™ luminescence and Css;[Tb(dpa);] (¢™> = 22%,
9 x 10° M in aqueous TRIS/HCI buffer (0.1 M, pH ~ 7.4)) for Tb™
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luminescence.[18,19] The excitation wavelength for both sample and
standard were chosen to ensure a linear relationship between the in-
tensity of emitted light and the concentration of the absorbing/emitting
species (A < 0.05).

The intrinsic quantum yield for Eu
using equation (2).

"™ complexes ¢/ “was determined

Eu _ Amd

B A 3
Ay is the total emission rate (A, = kr + kng = 1/Texp), kg is the
radiative rate constant, kyg is the non-radiative decay constant, 1., is
the observed excited state lifetime. For Eu'", A,,q4, the radiative emission
rate, can be determined using equation (4).[42]

1
Arad = Ampo X WB(ﬂ)
Iyp

@

Ir and Iyyp are the total integrated emission spectrum and the area
of the °Dy— F; transition of Eu'", respectively, and Ayp, is Einstein
coefficient of spontaneous emission (Aypo = 14.65 s~ 1.[43]

The sensitization efficiency (y:.ns) Was determined using equation
1).[22]

Infrared Spectroscopy. All FT-IR spectra were measured on a Nicolet
6700 FT-IR in ATIR mode. The IR data for each sample were collected
in the range 4000-590 cm ~ !, with 100 scans at 1 cm ™’ resolution per
spectrum. A background correction for CO, and H,O was done.

Mass Spectrometry. Electrospray ionization mass spectra (ESI-MS)
were collected in positive ion mode on an Agilent model G6230A with a
QTOF analyzer in the high-resolution mode for the ligands and the
metal complexes. The samples were prepared by diluting acetonitrile
solutions to a concentration of ~0.5 mg/mL and passing through a
0.2 mm microfilter.

2.2. Synthesis of Cys, Cnpa, Ens, and Enyz

4-Chloropyridine-2,6-dicarboxamide. Thionyl chloride (10 mL) and
anhydrous DMF (0.25 mL) were added to chelidamic acid (3.10 g) and
refluxed overnight (16 h). The resulting yellow solution was cooled to
45 °C, and the excess solvent was decanted, yielding a light-yellow
precipitate. The reaction was cooled to 0 °C, and diethylamine
(15.5 mL) was added dropwise over 30 min. The reaction was warmed
to room temperature and stirred for 1 h, then heated to 40 °C for 3 h
before quenching with water (7 mL). The desired product was extracted
with CHCl; (3 x 20 mL). The combined organic phases were washed
with water (3 x 50 mL) and brine (3 x 50 mL), dried over Na,SO,, and
filtered. Excess solvent was removed under reduced pressure, and the
product, a beige powder, was recrystallized from hexanes. Yield: 3.79 g,
79%. 'H NMR (400 MHz, DMSO-d,) & (ppm): 7.62 (s, 2H, pyr.), 3.55 (q,
4H, J = 7.0 Hz, CH,), 3.33 (q, 4H, J = 7.0 Hz, CHy), 1.25 (t, 6H,
J = 7.2 Hz, CH3), 1.15 (t, 6H, J = 7.2 Hz, CH3).

4-Azidopyridine-2, 6-dicarboxamide (Cys). 4-Chloropyridine-2,6-di-
carboxamide (860 g, 2.75 mmol) was dissolved in anhydrous DMF
(10 mL). NaN3 (1.79 g) was added, and the resulting suspension was
heated to 70 °C for 24 h. The reaction was quenched with water (8 mL),
and the solution was extracted with ethyl acetate (3 x 20 mL). The
combined organic layers were washed with water (3 X 50 mL) and
brine (3 X 50 mL), dried over Na,;SO,, and filtered. Excess solvent was
removed under reduced pressure to yield the product as a yellow
powder. Yield: 559 mg, 64%. 1H NMR (400 MHz, DMSO-d,) & (ppm):
7.29 (s, 2H, pyr.), 3.44 (q, 4H, J = 7.0 Hz, CH), 3.19 (q, 4H,
J = 7.0Hz, CH,),1.14 (t, 6H, J = 7.2 Hz, CH3), 1.05 (t, 6H, J = 7.2 Hz,
CHs). *C NMR (100 MHz, CDCl3) & (ppm): 167.28, 155.36, 144.06,
43.23, 40.24, 14.24, 12.72. FT- IR (neat, v, cm~): 3070-2823,
(vmax = 2979, C—H and C—C), 2105 (- N3), 1630 (as. N-C=0), 1589
(pyr. C=N). ESI-HRMS C;5H,,KNgO,": 357.1526 (exp.), 357.1436
(calc.).

4-Aminopyridine-2,6-dicarboxamide

(Cnuz). 4-Azidopyridine-2,6-
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dicarboxamide (210 mg) and Pd/C (117 mg, 10%) was added to an-
hydrous ethyl acetate (12 mL). H, was bubbled through the solution
while stirring at room temperature for 16 h. The solution was filtered,
and the excess solvent was removed under reduced pressure. The de-
sired product was isolated as a white powder. Yield: 167 mg, 73%. 'H
NMR (400 MHz, CDCl;) & (ppm): 6.79 (s, 2H, pyr.), 3.52 (q, 4H,
J = 7.0 Hz, CH), 3.44 (q, 4H,J = 7.0 Hz CH>), 1.22 (t, 6H, J = 7.2 Hz,
CH3), 1.12 (t, 6H, J = 7.2 Hz, CH3). *C NMR (100 MHz, CDCl3) §
(ppm): 168.64, 154.69, 154.16, 109.00, 43.15, 39.99, 14.26, 12.79. IR
(neat, v, cm™'): 3510-3375 (v max = 3413, br. -NH,), 3375-3160,
(Umax = 3329, CO-NEty), 3094-2800, (¥max = 2983, C—H and C—Q),
1632 (as. N-C=0), 1589 (pyr. C=N). ESI-HRMS C;sH,sN,0, *
293.4005 (exp.), 293.3905 (calc.).

4-Chloropyridine-2, 6-diethylester. Thionyl chloride (10 mL) and an-
hydrous DMF (0.25 mL) were added to chelidamic acid (3.10 g), re-
fluxed, and stirred overnight (16 h). The resulting yellow solution was
cooled to 45 °C, and the excess solvent was decanted, yielding a light-
yellow precipitate. This precipitate was cooled to 0 °C, and anhydrous
ethanol (13 mL) was added dropwise over 30 min. The reaction was
warmed to room temperature and stirred for one hour. Excess solvent
was removed under reduced pressure, and a white powder was isolated.
This powder was re-dissolved in chloroform, washed with cold water
(3 x 30 mL), and brine (3 x 30 mL). The organic phase was dried over
Na,SQ,, filtered, and the excess solvent was removed under reduced
pressure. The resulting yellow oil was recrystallized from ethanol at
0 °C, filtered, and the product was isolated as a beige powder. Yield:
2.88 g, 72%. "H NMR (400 MHz, DMSO-dg) 5 (ppm): 8.26 (s, 2H, pyr.),
4.49 (q, 4H, J = 7.1 Hz, CH>), 1.46 (t, 6H, J = 7.1 Hz, CHj3).

4-Azidopyridine-2,6-diethylester (Engz). 4-Chloropyridine-2,6-diethyl
ester (860 mg) was dissolved in anhydrous DMF (10 mL). NaN3 (1.79 g)
was added, and the resulting suspension was heated to 70 °C overnight.
After 24 h, the reaction mixture was extracted with ethyl acetate
(3 x 20 mL) and washed with water (3 X 50 mlL) and brine
(3 x 50 mL). The organic layer was recovered, and over Na,SO,4 and
filtered. Excess solvent was removed under reduced pressure, and the
product was isolated as a white powder. Yield: 357 mg, 32%. 'H NMR
(400 MHz, DMSO-ds) & (ppm): 7.84 (s, 2H, pyr.), 4.48 (q, 4H,
J = 7.1 Hz, CH3), 1.35 (t, 6H, J = 7.1 Hz, CH;). '3C NMR (100 MHz,
DMSO-ds) 8 (ppm): 164.13, 151.61, 149.87, 118.49, 62.29, 14.55. IR
(neat, v, cm ™ 1): 3110-2830, (Umax = 2987, C—H and C—C), 2130 (- N3),
1720 (as. N-C=0), 1585 (pyr. C=N). ESI-HRMS C,;H;3N,O,*:
265.0849 (exp.), 265.0931 (calc.).

4-Aminopyridine-2,6-diethylester (Eypo). 4-Azidopyridine-2,6-die-
thylester (250 mg, 0.932 mmol) and Pd/C (55.2 mg, 10%) were added
to anhydrous ethyl acetate (10 mL). H, was bubbled through the so-
lution while stirring at room temperature for 16 h. The solution was
filtered, and the excess solvent was removed under reduced pressure to
yield the product as a white powder. Yield: 160 mg, 72%. ‘H NMR
(400 MHz, DMSO-ds) 8 (ppm): 7.33 (s, 2H, pyr.), 6.69 (s, 2H, NH>), 4.29
(q, 4H, J = 7.1 Hz, CHy), 1.30 (t, 6H, J = 7.1 Hz, CH3). °C NMR
(100 MHz, DMSO-ds) 8 (ppm): 165.41, 156.64, 148.82, 112.36, 61.49,
14.63. IR (neat, v, cm™'): 3490-3385 (vmax = 3417, - NHy),
3385-3130, (#max = 3335,CO-NEt,), 3090-2790, (vpmax = 2921, C—H
and C-C), 1721 (as. N-C=0), 1592 (pyr. C=N). ESI-HRMS
C11H1sN20,4": 239.1096 (exp.), 239.1026 (calc.).

2.3. Synthesis of Ln™ complexes

All metal complexes were prepared by mixing one equivalent of dry
Ln(NO3); (Ln™ = Eu™, Tb™, or GA™) with 3 equivalents of either Cys,
Cnm2, Ens, or Eyps in acetonitrile (~10 mL) and refluxed for 16 h. After
solvent evaporation, the salts [Ln(L)3](NO3)3] (L = Cy3, Cnxuz, Ena, Or
Ennz) were obtained as white powders in 92 - 97% yield and char-
acterized using mass spectrometry (Figs. S24-535) and FT-IR spectro-
scopy in selected cases (Fig. 536). FT-IR data indicates that the carbonyl
stretches do not change appreciably between ligands and Ln™
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complexes and were not further pursued. The resulting solids were
dissolved in spectrophotometric grade acetonitrile for photophysical
characterization. Attempts to isolate X-ray quality single crystals of
these metal cogiplexes are ongoing.

[Gd(Cn3)s]®™ + 2NO3~

Yield: 92%

ESI-MS: [C4sHeeGdAN20012]1", m/z: 1236.4390 (exp.), 1236.4405
(calc.)

[GA(Cnp2)s13t + 2NO5~

Yield: 93%

ESI-MS: [C4sH72GdN;14012]1", m/z: 1158.4664 (exp.), 1158.4690
(calc.)

[Gd(Ena)s]®" + 2NO5~

Yield: 97%

ESI-MS: [C33H36GdN140:51", m/z: 1074.1622 (exp.), 1074.1568
(calc.)

[Gd(Enm2)2]** + 2NO5™

Yield: 95%

ESI-MS: [C33H42GdNg015]1 ", m/z: 996.1793 (exp.), 996.1853 (calc.)

[Eu(Cna)s]®" + 2NOz~

Yield: 96%

ESI-MS: [C4sHgsEuN200;2] ", m/z: 1231.4286 (exp.), 1231.4376
(calc.)

[Eu(Cnez)s]** + 2NO5~

Yield: 97%

ESI-MS: [C4sH72EuN;40:2]1", m/z: 1153.4667 (exp.), 1153.4661
(calc.)

[Eu(Ena)s]®* + 2NO3”

Yield: 92%

ESI-MS: [C33H36EuN;40,] ", m/z: 1069.1653 (exp.), 1069.1539
(calc.)

[Eu(Enpz)s]®" + 2NO,

Yield: 94%

ESI-MS: [C33H42EuNgO15] *, m/z: 991.1901 (exp.), 991.1824 (calc.)

[Tb(Cna)s]*" + 2NO3~

Yield: 94%

ESI-MS: [C4sHgsTbN20012]1", m/z: 1237.4410 (exp.), 1237.4417
(calc.)

[Th(Cnuz)31®t + 2NO5™

Yield: 92%

ESI-MS: [C4sH7,TbN;,0151%, m/z: 1159.4601 (exp.), 1159.4702
(calc.)

[Tb(Ena)s]®* + 2NO5

Yield: 93%

ESI-MS: [C33H3¢TbN;40;15] %, m/z: 1075.1852 (exp.), 1075.1580
(calc.)

[Tb(Ennz)a]®" + 2NO5

Yield: 93%

ESI-MS: [C33H4>TbNgO1s] *, m/z: 997.8123 (exp.), 997.8165 (calc.)

3. Results and discussion
3.1. Synthesis and characterization

Cn3s Cnuzs Ens, and Eypa were synthesized following a modified
previously published procedure[15] in 64%, 73%, 32%, and 72% yield,
respectively (Scheme 1). The compounds were characterized using
NMR and FT-IR spectroscopy, mass spectrometry, and X-ray crystal-
lography (Figs. 3, 4, S1-516).

Cy3 crystallized in the monoclinic P2,/c space group (Table 1,
Fig. 3a). Its structure consists of a planar pyridine ring with two car-
boxamide functional groups at both ortho positions, and an azide
functional group at the para position. The dihedral angle of the azide to
the pyridyl ring (C2-C3-N4-N5) is 6.40°. Dihedral angles of each car-
boxamide (N1-C1-C11-N3 and N1-C5-C6-N2) are 68.64° and 82.83°,
respectively. The distance between the terminal CH; groups, C8 to C13,
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Scheme 1. Synthesis of Cys, Ens, Cnrz, and Enga.

is 5.77 A. Intermolecular hydrogen bonding [44] interactions were
observed, and are shown a dashed lines in Fig. S13, and are comparable
to other dipicolinate-based compounds [8,9,45].

Ens crystallized in the monoclinic P2;/c space group (Table 1,
Fig. 3b). Its structure consists of a planar pyridine ring with diethyl
ester functional groups in the ortho positions and an azide functional
group at the para position. The dihedral angle of the azide to the pyridyl
ring (C4-C3-N2-N3) is 4.37°. Dihedral angles of the N1-C1-C9-04 and
N1-C5-C6-02 are 7.96° and 5.13°. The distance between the terminal
CHj3 groups, C8 to Cl11, is 6.39 A. Intermolecular hydrogen bonding
[44] interactions are observed and are shown as dashed lines in Fig.
S14, and are comparable to other dipicolinate-based compounds.
[8,9,45]

Cnuz crystallized in the monoclinic Cc space group (Table 1,
Fig. 4a). Its structure consists of a planar pyridine ring with carbox-
amide functional groups at both ortho positions, and a primary amine at
the para position. The dihedral angles of the carbonyl functional groups
to the pyridine-N are ~ 117° (N1-C1-C11-N4 and N1-C5-C6-N3). In-
termolecular hydrogen bonding[44] interactions are observed and are
shown as dashed green lines in Fig. S15, and are comparable to other
dipicolinate-based compounds [8,9,45].

Enme crystallized in the triclinic P-1 space group (Table 1, Fig. 4b).
Its structure consists of a planar pyridine ring with diethyl ester func-
tional groups at both ortho positions, and a primary amine at the para
position. The carbonyl groups are nearly planar with the pyridine ring
with dihedral angles of N1-C1-C9-03 = 1.98° and N1-C5-C6-
01 = 0.42°. Intermolecular hydrogen bonding interactions[44] are

observed and are shown as dashed green lines in Fig. 516, and are
comparable to other dipicolinate-based compounds [8,9,45].

3.2. Emission titrations of Cxs, Ens, Cpz and Engz with Th™ (speciation)

The stoichiometry of each complex in acetonitrile was determined
through emission titration of the ligand with the Tb™ nitrate salt (Figs.
$20-523). The emission intensity is highest for 0.33 Tb™:ligand, which
is consistent with a 1:3 metal:ligand stoichiometry, as seen for com-
plexes with other dipicolinate derivatives.[9,16,29] Therefore, for
spectroscopic characterization, Ln™ complexes were synthesized by
reacting 3 equivalents of either ligand (Cys, Cnmz2, Ena, O Exyo) with 1
equivalent of the respective Ln(NO3)5 salt o™ = Ed™, Tb™, or Gd™)
in acetonitrile. The speciation for the Eu™™ complexes, while not done
here, should provide similar results, indicating that the 1:3 metal:ligand
stoichiometry is stable in solution. The emission lifetimes (vide infra)
which can be fit to a monoexponential, agree with the presence of a
single species in solution for both Eu™ and Tb™ complexes.

3.3. Singlet and triplet excited state determination

The fluorescence and phosphorescence spectra of [Gd(L)s;]®*
(L = Cns3, Cnu2s Ens, or Eypa) (Figs. S37-540) were used to experi-
mentally determine the ligands’ 18 and 3T excited states,[40] which are
involved in sensitizing Ln™ luminescence. 'S and 3T are very similar
at ~ 27,100 cm ™! and ~ 21,200 cm ™Y, respectively (Table 2).

The 'S and T states have the appropriate energy to sensitize the

(a)

Fig. 3. Thermal ellipsoid plots of (a) Cn3 and (b) Eys. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted for clarity.

(b)
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o1 03

(b)

Fig. 4. Thermal ellipsoid plots of (a) Cnuz (b) Enue. Ellipsoids are shown at the
50% probability level. Hydrogen atoms are omitted for clarity.

emission of both Eu™ (D, ~ 17,300 cm~!) and TbHM™
(5D4 ~ 20,400 cm™ 1) and were therefore used to explore the lumi-
nescence properties of the respective complexes.[13]

3.4. Absorption and emission properties

Cn3, Cnmz, Ens, and Eygo display broad absorption spectra in the
UV region (Figs. $17-S19) in acetonitrile with maxima in the range
between 250 and 258 nm. This is similar to what was observed for 4-

Inorganica Chimica Acta 514 (2021) 120003

Table 2
'S and °T energies of [Gd(L)s]** (L = Cns, Cnuzs Enss oF Enyy) in acetonitrile
at 77 K.

'S (em™) 57 (em™Y)
[Gd(Cy3):1°+ 26,900 = 150 21,000 + 200
[Gd(Exa)al®* 27,000 + 350 21,200 * 300
[GA(Crz2)s]®" 27,400 + 250 21,200 = 50
[Gd(Exmz)a]®* 27,200 = 500 21,500 = 200

1.0 L 1.0

-]

E 0.8 - 0.8 Z
7]
2 c
o 2
B 06+ -06 £
< °
] @
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N 044 F04 g
3 S
- 6
2 0.2 L 02 2

0.0 4 - 0.0

T T T T T
350 400 450 500 550

Wavelength (nm)

T
300 600
Fig. 5. Normalized absorbance (black), excitation (dashed blue) and emission
(solid blue) of Cynz in acetonitrile at 25.0 = 0.1 °C. Agee = 290 nm,
Aem = 380 nm, [compound] = 1 x 10* M; slit widths exc = 3.00 nm,
1.00 nm. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)

em =

aminopyridine-2,6-dicarboxylic acid,[29] among other para-substituted
dipicolinate derivatives.[46] When excited at 290 nm, these com-
pounds fluoresce with maxima at 380 nm for the amino derivatives
(Figs. 542 & 543), 375 nm for Cy3 (Fig. 5), and 378 nm for Ens (Fig.
541). The excitation spectra of Cys, Cypzs Ens, and Eyy, are all red-
shifted from the absorbance maxima. While absorption spectra are in-
dicative of all wavelengths at which the compounds absorb, excitation
spectra reflect which of those wavelengths more efficiently lead to

Table 1

Crystallographic information for Cys, Cnpz, Ens, and Eyga.
Compound Cna Crua Ens Enpz
CCDC number 1995777 1995780 1995778 1995779
Formula C15H32N602 Ci15H24N405 C11H12N404 C11H14N30,4
M (g/mol) 318.38 292.38 264.25 238.24
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P2,/c Cc P2,/c P-1
a (A) 14.4358(2) 16.0906(2) 15.2768(7) 7.2248(5)
b (A) 8.9532(1) 10.9478(2) 4.3205(2) 9.1046(7)
c (A) 13.1406(2) 12.2404(2) 19.2297(8) 9.1973(6)
a®) 90 90 90 69.891(5)
B 103.6205(5) 130.474(4) 106.529(3) 79.525(4)
v(*) 90 90 90 89.877(5)
\'% (;\3) 1650.61(4) 1640.23(6) 1216.78(10) 557.45(7)
T (K) 100(2) 100(2) 100(2) 100(2)
Z 4 4 4 2
D, (g/cm) 1.281 1.184 1.442 1.419
p (Mo-Ka) (1/mm) 0.089 0.081 0.113 0.109
Independent reflections, Ry, [Fo = 40 (F,)] 5053, 0.0285 3258, 0.0330 3003, 0.0355 2280, 0.0275
Reflections collected 42,169 11,742 14,811 5180
Data/restraints/parameters 5053 /0/212 3258 / 2/ 194 3003 /0/174 2280 /0 /156
Goodness-of-fit on F? 1.029 1.041 1.056 1.070

R;, WR (all data)
Largest diff. peak and hole/ (e/f\s)

0.0362, 0.09570.0436, 0.1023
0.735 and —0.198

0.0375, 0.07770.0508, 0.0842
0.167 and —0.162

0.0363, 0.09720.0416, 0.1024
0.468 and —0.244

0.0629, 0.17400.0679, 0.1788
0.900 and —0.636
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Fig. 6. (a) Normalized excitation (dashed) and emission spectra (solid) of [Eu(Ey3)5137; (b) normalized excitation (dashed) and emission spectra (solid) of [Tb
(Ena)s]®". All spectra were measured in acetonitrile at 25.0 = 0.1 °C (Aexc = 280 nm). [complex] = 5 x 10 M; slit widths exc = 3.00 nm, em = 1.00 nm.

emission and thus the bathochromic shift.

When excited at 280 nm, [Eu(L);]1®>* and [Tb(L);]*" (L = Cya,
Cnnzs Enz, Or Enpz) luminesce in the visible region, and the char-
acteristic metal-centered emission peaks were observed (Eu™: 5Do —
7F;(J = 0-4); Tb™: 5D, — 7F; (J = 6 — 2); Fig. 6, and 541 — $43). For
Eu™, in all cases, the °Dy — ’F, transition appears as a single peak. Yet,
despite the lack of fine structure, the presence of the *Dy — “F, tran-
sition is consistent with a pseudo-D3; symmetry around the metal ion, as
seen for other dipicolinato-based complexes with a 1:3 stoichiometry.
[15,29,46]

The quantum yields of sensitized emission (¢r, and ¢,) for all
complexes were determined in acetonitrile and are summarized in
Table 3. For emission for [Eu(Cys)s]®* ¢y is 0.11%, for [Eu(Exz)s]>*
is 0.15%, for [Eu(Cyuz)31®" is 13.8%, and for [Eu(Enpz)a]** is 14.4%.
The amino-derivatives are moderately efficient sensitizers of Eu™, and
compare favorably to other dipicolinate derivatives.[15,21,29,47]
Surprisingly, the azido-derivatives are not very efficient sensitizers,
despite their similar structure and excited energy levels, with effi-
ciencies that are orders of magnitude lower than the amino-derivatives
(vide infra).

For emission for [Tb(CN3)3]3+ b1p is 0.30%, for [Tb(EN3)3]3+ is
0.27%, for [Tb(Cnuz)3]®" is 29.7%, and for [Tb(Enmz)a]®" is 28.9%
(Table 3). The Tb™ complexes show a similar trend in emission effi-
ciency as seen for the Eu™ complexes; the amino-derivatives are mod-
erately efficient at sensitizing Tb™, yet the azido-derivatives are sig-
nificantly less efficient. The efficiencies of the former complexes are
similar to other Tb'" complexes based on the dipicolinate scaffold.
[21,29]

The emission decay lifetimes for the Eu~ compounds (zg,) are
0.54 ms, 0.65 ms, 1.18 ms, and 1.37 ms, respectively (Table 3). The
emission decay lifetimes for the TH™ compounds (zrp) are 0.21 ms,
0.25 ms, 0.88 ms, and 0.63 ms, respectively (Table 3). The decay curves
for all Ln™ complexes could fit a single exponential decay (Table S1,
Figs. 544-S51), indicating that there is one coordination environment

m

Table 3

Quantum yields of sensitized emission (¢1), luminescence lifetimes (1), intrinsic quantum yield for Eu

(L);1%" in acetonitrile at 25.0 + 0.1 °C (Ln™" = Eu'™, Tb™).

around each metal ion. These lifetimes are comparable to other similar
dipicolinate-based luminescent Eu™ and Tb™ complexes.[18,19,29,48]

The 71, are shorter, and the ¢, are decreased for the azido-deri-
vatives when compared to the amino-derivatives, yet their 3T states are
similar in energy. This suggests that inefficient energy transfer from the
3T state of azido-derivatives to the Ln™ metal is not the cause of this
discrepancy, which is further confirmed by the absence of ligand
emission within the luminescence spectrum.

Werts and co-workers[42] demonstrated that we could easily de-
termine ¢rn and ngens for Eu™, and thus, we can use the metal complexes
of this ion to further analyze the emission process. As seen in Table 3,
Nsens 18 0.6% for the azido- derivatives and 29% for the amino-deriva-
tives, which confirms that the amino- derivatives are better sensitizers
of Eu™ emission that the azido-derivatives. The values of ¢F+ are higher
for the amino-derivatives as well, indicating that these ligands might
prevent vibrational quenching of Eu™ luminescence more effectively
than the azido-derivatives. Nonetheless, the overall lower values for
P, Do, and 1yens for the azido-derivatives are more likely related to a
lack of stability of the organic azido-derivatives,[49] which we ob-
served as color changes of the solutions from colorless to dark after UV
light irradiation for longer than 5 s, and reflected in a decrease in
emission intensity of the organic compounds, Cy3 and Ex3, on their own
over time. This instability results in a decrease in emission intensity of
the complexes as well, as shown in Fig. S52, although emission lifetimes
and spectral shape are retained. Attempts to identify the product of this
decomposition using FT-IR spectroscopy, NMR spectroscopy, and mass
spectrometry are ongoing.

3.5. Conclusions

New dipicolinato-based compounds were synthesized and char-
acterized to assess their ability to sensitize visible emitting Ln™ (Eu',
Tb™). The ligands’ 'S and ®T excited states were determined for all li-
gands and are approximately ~ 27,100 em™! and ~ 21,200 em ™},

" complexes ($pfi), and sensitization efficiency (1sens) for [Ln

bru (%) T (mS) dE (%) Neens (%) b (%) Tr (ms)
azido [Ln(Cna)a)®* 0.11 * 0.01 0.54 * 0.01 19 0.6 0.30 + 0.03 0.21 * 0.06
[Ln(Ens)s]®* 0.15 * 0.01 0.65 = 0.04 24 0.6 0.27 * 0.02 0.25 = 0.01
amino [Ln(Cnnz)al®* 13.8 + 0.7 1.18 * 0.00 47 29 207 £ 0.9 0.88 * 0.02
[Ln(Enmz2)s]®* 144 + 0.2 1.37 * 0.00 50 29 289 * 0.3 0.63 = 0.01
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respectively. The amino-containing ligands are more efficient at sensi-
tizing Eu™ and Tb™, with the highest efficiencies at ¢y, = 29.7% for
[Tb(Cnpz)s1®" and ¢ra = 14.4% for [Eu(Enpz)s]® T when compared to
the azido-based compounds, which have efficiencies of 0.11% and
0.14% for [Eu(Cns)al®* and [Eu(Ens);]**, and 0.30% and 0.27% for
[Th(Cns)s]®* and [Thb(Ens)s]®*, respectively. Because there are no
significant differences in 3T state to help rationalize the observed
photophysical behavior, further investigation indicated that the azido-
derivatives are light-sensitive, resulting in decomposition products that
do not sensitize Ln™ efficiently. The good emission efficiencies ob-
served for the complexes with the amino ligands make them promising
for applications such as bioimaging, lighting, and sensing.
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