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Abstract

A detailed study of the ability of pyridine-2,6-dicarboxylic acid (1) and its 4-mono- and 3,4,5-tri-
substituted analogues to sensitize emission from Pr3*, Nd**, Gd**, Dy** and Er®* is presented. Sensitization
of Ln®*" emission was demonstrated via the ligands in all complexes, excluding Gd®*, with emission
covering the spectral range from 500 nm to 1850 nm obtained with variation of the Ln*" ion. From the
study of the ligand-based photoluminescence obtained from Gd3*-complexes, and the relative ligand and
Ln®* emission obtained from the other complexes, the singlet and triplet state energies of complexes of
(1) are estimated to be at 3.1 eV and 2.6 eV respectively whilst for the 3,5-dibromo-substituted complexes
(4) they are at 2.9 eV and 2.3 eV. Hypersensitivity of the Er¥* *lis, — 2Hi12 and *lisp — *Gauz intra-
atomic transitions is also observed in the 4-chloro-substituted (3) complex. Enhanced sensitization of Nd3*
(ca. 5-fold) and Er®* (ca. 2-fold) near-infrared emission is demonstrated for complexes of (3) and (4)

respectively in comparison with those of (1).



Keywords: Lanthanide luminescence, energy transfer, Judd-Ofelt, photoluminescence, organolanthanide.
1. Introduction

Ligand-sensitized emission from the intra-atomic 4f — 4f transitions of the lanthanide ions (Ln%")
continues to be of significant interest to researchers since its first demonstration ~75 years ago.[1] For
those working in a wide range of disciplines this is mainly due to the characteristic spectrally narrow
emission obtained from the Ln®" 4f — 4f intra-atomic transitions and their relatively long radiative
lifetime. Following initial demonstration of the process, significant research developing visible emitters
(in particular containing Eu* and Tb®* for red and green emission respectively) for use in displays[2] and
as fluorescent markers[3,4] has been undertaken. The complexation of Ln®*" with organic ligands also
enabled near-infrared (NIR) emission to be obtained from organic systems thus significantly extending
their potential application.[5-8] Initial interest in NIR emission was focused on their potential for use in
optoelectronic systems in particular utilizing the Er®* 1132 — *l1s2 1.53 um emission[9] coinciding with
the silica optical fiber low-loss transmission region.[10,11] More recently NIR emitters have become of
increasing interest for use as markers in biological systems[12,13] due to the transmission of tissue in the

NIR region and also as potential sources for low-cost sensing applications.[14,15]

We have previously outlined the Ln3* excitation mechanism used in these systems in some detail[5] and
further reviews are also available.[2,16,17] However, given the scope of this paper we present here a brief
summary to aid the presentation and discussion of the results within. Excitation is initiated through the
creation of an excited electronic state in the organic ligand most typically via optical absorption. In this
case a singlet excitonic state (S1) is formed which may either relax radiatively (giving ligand-centered
fluorescence), undergo intersystem crossing (ISC) to the ligand triplet state (T1), or recombine non-
radiatively via energy transfer to a resonant Ln3* excited 4f energy level.[18] ISC is promoted in these
systems due to the increased spin-orbit coupling resulting from the presence of the Ln®*, often referred to
as the heavy atom effect. As a result, in the absence of any resonant transfer from the S; state to the Ln*",

the T1 state may be efficiently populated. The evolution of the Ty state then proceeds either via radiative



recombination (giving ligand centered phosphorescence), non-radiative relaxation via energy transfer to
the Ln3* ion, or non-radiative relaxation via the excitation of vibrational modes (phonons) of the complex.
An excited Ln®" state, created via energy transfer from the ligand or via direct absorption of a photon, will
relax via radiative or non-radiative intra-atomic relaxation. This behavior is dependent upon the
vibrational properties of the Ln®* host, relative 4f intra-atomic energy level separation and spin selection
rules for the parity forbidden 4f — 4f transitions. It is due to the forbidden nature of the 4f — 4f transitions
that sensitization via the organic ligand is in general significantly more efficient than direct optical

excitation of the Ln3".

In order to obtain efficient emission from the sensitized Ln®*, its local environment must be carefully
designed, taking into account both the local phonon energy of the complex and the 8-9 coordination
requirement of the ion. If the latter is not fully satisfied, it is common for solvent molecules (water,
methanol etc.) to be incorporated into the complex to achieve this. In general such inclusion results in
significant quenching of the Ln®* emission, in particular at longer wavelengths in the NIR, via non-
radiative coupling to the solvent vibrational modes. This is exemplified in the archetypical complex
erbium tris(8-hydroxyquinoline), often cited as the benchmark complex in recent studies of Er®*
organolanthanide 1.53 pum emission, which is only 6-coordinated.[9] Strategies to overcome this often
involve the coordination of ‘neutral ligands’ such as the use of phenanthroline and bathocuproine.[2]
However, these ligands can reduce the efficiency of sensitization via competitive absorption of incident
photons, providing a route for back-transfer of energy from the Ln®", and by increasing the local phonon
energy.[19] Additionally, they reduce the symmetry of the complex which can impact on the fine structure

of the 4f — 4f emission and effect the crystallization of the complexes.

A class of complexes that remove the requirement for neutral ligands are those based on the use of pyridine
2,6-dicarboxylate (dpa-1) and its 4-mono- and 3,4,5-trisubstituted analogues (2 - 4) which are able to fully
satisfy the coordination requirements of the Ln* (Figure 1). The complexes of Tb(1)s and its analogues

were originally studied by Lamture et al.[20] and followed up in our previous report of Eu(1)z and its



similar analogues.[21] Their respective green and red emission, long radiative lifetime (us), and solubility
in water make these complexes of interest for use as luminescent probes in agueous environments[22,23].
Given the promise demonstrated by these visible emitting complexes it is of interest to study NIR emitters
as further applications exist in this spectral region, for example in telecommunications, sensing and
biological systems that are themselves transparent in this region. Furthermore, (1) only occurs naturally
in bacterial spores such as Bacillus anthracis and hence is of significant interest for the detection of
biological agents and for the study of life in extreme environments.[24-27] The attraction of these
complexes is also enhanced by the ability to attach additional functional groups to the 4-position of the
pyridine ring.[28,29] However, such studies have typically been restricted to either Eu** or Th** and
involved modification of the 4-position[30-35]. For the development of efficient NIR emitting complexes
the 3- and 5-positions must also be modified in order to reduce the local phonon energy which leads to
deactivation of the Ln3*. It is therefore essential that the full family of reference complexes are studied to

provide a basis for future work in this area.

Figure 1. Structure of ligands used to form complexes of Pr, Nd, Gd, Dy and Er.

In this paper we report a detailed study of Pré*, Nd®*", Gd®*", Dy**, and Er®* complexes of (1 - 4) thus
providing a comprehensive foundation for the further development of this family of organolanthanide

molecules in conjunction with previous studies on Tb** and Eu®*.[20,21] The preparation and



characterization of each complex is provided including detailed optical spectroscopic characterization of
both visible and NIR absorption, photoluminescence (PL) and PL excitation (PLE) spectra. The PL
lifetime and PL quantum efficiency (PLQE) are provided, where possible, along with the results of Judd-
Ofelt modelling.[36-38] The characterization of Gd** complexes is presented first as the absence of intra-
atomic transitions in the spectral region of interest allows the effect of the Ln®* on the ligand optical
properties to be studied. Following this we present the remaining complexes in order of increasing atomic

weight of the Ln®".
2. Experimental Section

'H and *C NMR spectra were recorded on a Bruker Advance 300 or a Bruker DPX 400 spectrometer.
Chemical shifts (8) are quoted relative to residual solvent peaks. 3C NMR spectra were fully proton
decoupled. Peaks are quoted in chemical shift, ppm (3): (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m)
multiplet. Coupling constants (J) are quoted in hertz. Infrared spectra were obtained using a Golden Gate
sampling attachment on a Mattson Satellite 3000 Fourier transform infrared instrument. Masses are
quoted as the lowest isotopic mass (for instance, **Cl and Br if these elements are involved). For
compounds that were soluble in methanol, electrospray (ES) mass spectra were recorded on a Micromass
Platform 11 single-quadrupole mass spectrometer. The instrument is calibrated with a mixture of sodium
and cesium iodide. The operating conditions were as follows: capillary, 3.50 kV; HV lens, 0.5 kV; cone
voltage, 20 V; source temperature, 110 °C; ES eluant, 100 % acetonitrile at 100 uLmin; nitrogen drying
gas, 300 Lht; and nebulizing gas, 20 Lh™. Ten-microliter injections of ~1-10 pLmL ™ solutions were made
using a Hewlett-Packard HP1050 autosampler. Negative-ion data were recorded under identical
conditions except for different polarity voltages and capillary voltages of -3.0 kV. Elemental analyses
were performed by Medac Ltd. of Alpha 319, Chobham Business Centre, Chertsy Road, Chobham,
Surrey, GU24 8JB, U.K. Melting points were measured on an Electrothermal melting point apparatus and
are uncorrected. Single crystal X-ray diffraction (SCXRD) data were collected using a Rigaku Fr-X

rotating anode diffractometer equipped with VariMax-DW™ optics, an XtaLAB AFC11 quarter-y



goniometer, using CuKo radiation (1.54184 A) at either 100 or 150K (see supplementary information for
refinement details). All of the solvents and reagents used were of reagent grade, obtained from Aldrich,

and were used without any further purification except where specified.

2.1 Preparation of Ligands. Chelidamic acid (2-2H"), 4-chloropyridine-2,6-dicarboxylic acid (3-2H" +
2H,0), and 3,5-dibromo-4-hydroxypyridine-2,6-dicarboxylic acid dihydrate (4-2H* + 2H,0) were all

prepared and characterized as we have previously reported.[21]

2.2 Preparation of Complexes. In a typical preparation, a solution of (1) (3.0 mmol) in methanol (50 ml)
was added to a stirred solution of rare earth acetate (1.0 mmol) in methanol (50 ml). The solutions became
turbid when mixed, but upon addition of triethylamine (6.0 mmol) the suspension dissolved and formed
a clear, colorless solution. The reaction was stirred at room temperature for 2 days and then the solvent
was evaporated under reduced pressure and the residue (usually a sticky film) was triturated in acetone
(10ml) to yield a powder which was crystallized from hot methanol unless otherwise stated. Full details
of the synthesis and chemical characterization of each complex are provided in the supplementary

information.

2.3 Spectroscopic Measurements. UV-Vis-NIR absorption spectra of each complex were obtained using
low and high concentration solutions (typically ~0.1 mM and 10 mM) in methanol (unless stated
otherwise) using UV-quartz 10-mm cuvettes. The high concentration samples were used to measure the
Ln®* intra-atomic 4f — 4f transitions. Absorption spectra were obtained using a Varian Cary 500
spectrophotometer with a spectral resolution of 0.1 nm over the wavelength range of 190-2000 nm. PL
was excited from powder samples held between quartz slides using 351 or 458 nm Ar* laser excitation
(Coherent Innova 1308C). The excitation was modulated using an optical chopper to enable lock-in
amplification (Signal Recovery DSP 7265). PL spectra were recorded with a conventional set-up
consisting of a monochromator (1200 lines mm™ blazed at 500 nm and 600 lines mm™ blazed at 1um;
Bentham TMc300-C) and detected using a Si or InGaAs photodiode (Newport 818-SL or 818-1G). Long-

pass filters were used as appropriate to remove scattered laser light. All spectra have been corrected for



the optical response of the system and any filters used. PLE spectra were obtained using the output of a
Nd:YAG pumped tuneable optical parametric oscillator (Newport VersaScan OPQO) and UV frequency
doubler (Newport UV-Scan). Signal and idler outputs were selected and rejected as appropriate. To
remove the effect of pulse-to-pulse energy variation signal averaging was used along with a wavelength
calibrated beam sampler system to obtain the incident energy at each wavelength. The same system was
used to obtain the PL lifetime (zmeas) data along with visible (S-20) and liquid nitrogen cooled NIR
photomultiplier tubes (PMTSs) coupled to a fast oscilloscope. PLQE studies were undertaken using the

method described by de Mello by modifying the PL set-up to incorporate an integrating sphere.[39]

2.4 Judd-Ofelt Modelling The experimental line strength, Sepmeas, Of each J —J’ transition was

determined using eq 1:

3ch(2]+1) ( 3n

2
Sepmeas(J:J') = 8m3e2] n2+2) fmanifold a(D)dA 1)

The constants and parameters within eq 1 are defined as: c is the speed of light in vacuum, h is Plank’s

constant, J is the total angular momentum of the initial 4f state, e the electronic charge, 4 is the average
wavelength of the transition, n the refractive index, and o (1) the absorption cross-section. The Judd-Ofelt
parameters, ;, were then obtained by substitution of the calculated line strengths, Sepcaic, (€q 2), with

Sepmeas, and least-squares fitting as described elsewhere.[21] The values of the doubly reduced matrix

elements of the intermediate coupling scheme, |(f*[SL[U@|f [s'L'Y")|", in eq 2 were taken from
those previously tabulated.[40-43] Further details of the Judd-Ofelt modelling and validation are provided

in the supplementary information (and supplementary information Tables S3-5).
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The Einstein coefficient A(J’ — J) for transitions of interest were then obtained using egq 3 assuming a

negligible magnetic dipole contribution is each case.

, 64 4,2 2 2 , '
A(J' - ]) = 3h(2]7€+e1)ﬁ [n (71.3: )SEDRad(] )+ nZSMDRad(/ 1])] (3)
Using eq 3 the radiative lifetimes 7.4, = [Z]-A(/':])]_l and branching ratios B;,,; = ZAS(’]:,].)D were
] .

determined with the PLQE estimated using 7 = zmeas/ zcalc.

3. Results
3.1 Gd3**-Complexes

The absorption spectra of Gd(1-4)x are presented in Figure 2(a). As previously reported for Th- and Eu-
analogues[15,16] a bathochromic shift of the absorption edge is seen with substitution of the pyridine 4-
position in the order H > CI > OH with the magnitude of the shift being similar to that seen for Th. Upon
Br-substitution at the 3- and 5-positions of the pyridine ring, the shift due to OH substitution at the 4-
position is dramatically enhanced as was seen for Eu(1-4)x.[21] This is accompanied by a reduction in
absorption at ca. 325 nm compared to the other complexes at ca. 280 nm. The substitution of the 4-position

does not significantly alter the ligand absorption strength at ca. 280 nm in Gd(1-3)s (inset Figure 2(a)).
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Figure 2. Absorption spectra in methanol (a) and 351 nm excited (b) and 458 nm excited (c) powder
photoluminescence spectra (bottom) of gadolinium(lll) tris(pyridine-2,6-dicaroxylic acid) and its

analogues [Gd(1-4)x].



The absorption of Gd(1)s closely matches that of the dipicolinate anion (DPA?) with a very weak
absorption in the 300 — 320 nm region followed by its maximum at ca. 280 nm coinciding with the
predictions of density functional theory (DFT) modeling of DPAZ .[44] Chlorination of the ligand leads
to a net reduction in the charge density in the pyridine ring resulting in the small observed blue-shift of
the absorption spectrum. In contrast, substitution with OH increases the ring charge density and is thus
responsible for the observed red-shift in absorption. The enhancement of the red-shift with further
bromination may be due to an increase in the oscillator strength of direct singlet-triplet state absorption.
The lowest triplet state energies calculated using DFT of DPA were reported[44] to be at 318, 352, and
355 nm below the lowest (dipole allowed) singlet energy at ca. 298 nm supporting experimental
observations.[45] Allowance for a similar energy difference between the singlet and triplet states of DPAZ

(a ca. 50 nm red-shift) would explain the significant extension of the absorption in the case of Gd(4)..

Studies of Lu®*-based ‘push-pull’ donor-n-conjugated DPA ligands (Lu®* used in place of Gd** to allow
improved *H and 3C NMR characterization) showed that complexation only resulted in a small blue-shift
of the ligand absorption and emission.[28] Additionally, exchange of Lu®* for other Ln®* ions (Eu, Nd
and Yb) has only a further minor affect these properties. However, in these reported systems the optical
properties are significantly dependent on the formation of charge-transfer states between the DPA and

donor w-systems.

Inspection of the higher energy absorption reveals significant variation in the intensity of the absorption
with Gd(1-3)3 each displaying a shoulder at ca. 230 nm with a second peak at ca. 210 nm. In contrast
Gd(4), displays an almost uniform absorption for up to 50 nm from its first peak at ca. 325 nm. At energies
above this a second major peak is found at ca. 250 nm, in contrast to the other complexes which exhibit a

localized minimum in this region, before increasing in intensity again.

Figure 2(b) shows the PL spectra of Gd(1-4)x excited at 351 nm and normalized to the maximum of the
broad emission observed from each complex. At wavelengths below ca. 390 nm the spectra exhibit a large

noise level due to the correction applied to compensate for the use of a ca. 400 nm long-pass filter to



prevent scattered excitation light entering the detection system. This may also affect the observed PL
maximum which has (for DPA) previously been reported at ca. 400 nm.[46] We note from the absorption
spectra that Gd(1-3)z exhibits an exceptionally weak absorption at the 351 nm excitation wavelength yet
at the excitation power used (ca. 1.5 mW mm2) each sample could be clearly seen to luminesce by eye.
Inspection of the PL spectra shows each ligand displaying broad emission peaking at ca. 420 nm for
Gd(1)s and Gd(3)s shifting to ca. 455 nm upon substitution of the pyridine 4-position with OH. The similar
peak positions for Gd(1)s and Gd(3)s might be expected given the similarity of their absorption spectra.
However, their PL behavior deviates significantly on the low-energy side of the emission peak with
Gd(1)s exhibiting an enhanced low energy tail and shoulder centered at ca. 440 nm. Substitution with OH
to form Gd(2)s causes a further extension of the low energy tail, which now extends across the entire
visible spectrum, along with the above noted redshift in the emission peak which is in line with the
observed bathochromic shift observed in the absorption spectrum. Upon the addition of Br to form Gd(4):
the low energy tail is again extended with the main emission peak occurring at ca. 530 nm with the
presence of a higher energy peak centered at ca. 450 nm clearly evident. A good fit of this spectrum using
two Gaussian peaks is obtained with the peaks found to be at 531 nm (2.33 eV) and 430 nm (2.89 eV)
(supplementary information Figure S2(a)). Likewise successful fitting of the Gd(1-3)s PL spectra could
be obtained using a sum of two Gaussians. In doing so it is noted that the high energy tail of these spectra
is affected by the long-pass filter cut-off leaving only a relatively small usable data set for fitting on this
high energy side of the PL peak. As a result the significance of the resulting fits for Gd(1-3)3 cannot be
fully quantified. Qualitatively however the fitted Gaussian peak positions were found to vary with ligand

substitution in the same manner observed for the shift in absorption peak maximum.

The 351 nm excited luminescence obtained from these complexes can be used as a good approximation
of the position of the electronic manifolds for the complexes of the other Ln®* ions reported in this study.
In each complex spin-orbit (L.S) coupling, enhanced by the presence of Gd®*, is likely to occur, increasing

intersystem crossing (ISC) between the ligand singlet and triplet states. Supporting this is the large Stokes
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shift, ca. 1.5 eV, observed for Gd(1-3)s which is reduced to ca. 0.75 eV for Gd(4). due to the significant
redshift of its absorption. As a result, these spectra indicate the lowest energy states from which
sensitization of Ln** may take place although they do not rule out energy transfer from higher energy
ligand states that may compete with the ISC rate as observed in similar systems. Using the fitted Gaussian
peaks obtained from the PL spectrum of Gd(4). we give a tentative assignment of the ca. 430 nm (2.89
eV) emission to the singlet state and the ca. 531 nm (2.33 eV) emission to the triplet state of Gd(4).. Based
on the absorption and PL spectra in Figure 2(a) and (b) the energy of these states is likely to be higher for
Gd(1-3)3 (which we discuss later) thus they represent the lowest energy for the series of complexes
studied. Furthermore, the enhanced L.S coupling expected in Gd(4). due to the presence of the two Br
atoms would increase the ISC and enhance the triplet emission in agreement with the observed PL

spectrum.

To provide further information regarding this assignment Figure 2(c) shows the 458 nm excited PL spectra
obtained from Gd(1-4)x. This excitation energy lies well below the singlet level and has a very small
absorption coefficient as can be seen in the absorption spectra (Figure 2(a)). As a result the emission
obtained, assuming our assignment to be valid, must be from direct excitation of the triplet state as
discussed above. It can be seen that the PL spectra of Gd(1-3)s are all very similar, however, curiously
that of Gd(4): is significantly narrower than might be expected. The use of the long-pass filter prevents
accurate determination of the PL peak position for comparison with the predicted triplet state energies
obtained by fitting the 351 nm excited PL spectrum. However, a comparison of these spectra with the low
energy Gaussian obtained from fitting 351 nm excited Gd(4)2 PL spectrum is provided in supplementary
information Figure S2(b). These can be seen to be in reasonable agreement in terms of the peak position
and low-energy spectral range. The anomalous behavior of the 458 nm excited Gd(4)2 PL low-energy tail
(in comparison to the 351 nm excited spectrum) is reproducible and may be related to the incomplete

coordination of the complex.
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PLE spectra of each complex were obtained, measured at 550 nm, and are shown in supplementary
information Figure S3. The PLE spectra of Gd(1,3)x are found to be similar with evidence of broad peaks
centered at ~250, 325 and 425 nm identifiable. Interestingly, in the PLE spectrum of Gd(2)s these features
are not easily identifiable with the strong absorption observed at ~210 nm not being translated into the
PLE spectrum. In the case of Gd(4). the PLE spectrum shows a strong edge at ~400 nm whose fitting
would suggest gives a peak at ~500 nm. The presence of this peak supports the proposition that when

exciting at wavelengths above ~400 nm direct excitation of the triplet state is occurring.

To assist in the interpretation and discussion of the optical properties of the lanthanide complexes
presented within, Figure 3 shows a schematic of the intra-atomic 4f energy levels of the Ln®* ions reported
in this study (and within our previous study of Eu®") along with the singlet and triplet states energy
proposed above and the laser excitation energies used. For the case of Gd(1-4)x it is clear that no energy
transfer to any Gd®* intra-atomic 4f level may occur, hence confirming that the above reported emission
must be ligand based. Measurement of the PL decay of Gd(1-4)x under 420 nm excitation (2.95 eV) at
emission wavelengths over the range of 480 nm to 750 nm are shown in supplementary information Figure
S4. The PL lifetimes obtained are tabulated in supplementary information Table S6 and reveal a small
reduction from ~10 ns for Gd(1)z to ~8 ns upon substitution. Such lifetimes are further evidence for strong
L.S coupling allowing the fast radiative recombination of the excited triplet state. It can also be seen that
although the excitation wavelengths chosen (based on the limited range afforded by an Ar* laser) for the
PL studies do not coincide with the major absorption bands of the ligands, they are suitably placed above
and below the singlet states to provide considerable insight into the excitation and energy transfer

mechanisms in play within these complexes.
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Figure 3. Intra-atomic 4f energy levels of various Ln®" ions[40-43] and the relative positions of the singlet

and triplet ligand states of Gd(4)2 and the laser excitation energies used.
3.2 Pr3*-Complexes

Figure 4(a) shows the absorption and PL spectra of Pr(1-4)s noting that Pr(3)z was found to be insoluble
in a wide range of solvents hence its absorption spectrum is not available. In comparison with the Gd(1-
4)x analogues, the only significant change in the ligand absorption is in that of Pr(4)s which whilst still
extending to ca. 360 nm has its maximum at ca. 290 nm, shifted from 325 nm as observed in Gd(4)2. In
addition to the shift, shoulders are clearly visible in the low energy tail at ca. 315 and 340 nm. Previous
reports have assigned absorption above 400 nm in Pr3*-complexes and salts to a ligand-to-metal charge
transfer (CT) process in particular at ca. 250 nm.[47,48] In the Lulz:Pr3* system an I- — Pr** CT band at
ca. 320 nm has also been proposed whilst in LaBrs:Pré* systems a Br — Pr®* CT band occurs at ca. 250
nm.[48] However, based on these reports the additional features observed in the absorption spectrum of

Pr(4)z appear to be at too long a wavelength to be definitively assigned to such a phenomenon.
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Figure 4. Absorption spectra in DMSO (except Pr(2)z in H20) (a) and (b), and 351 nm and 458 nm excited
powder photoluminescence spectra ((c) and (d) respectively) of praseodymium(lll) tris(pyridine-2,6-
dicarboxylic acid) and its analogues [Pr(1-4)s]. The Pr3* 4f intra-atomic absorption transitions identified
occur from the *H, ground state to those indicated. Further transitions are identified in Figure 5(b) and

supplementary information Figure S5.

To obtain the absorption spectra due to Pr3* 4f transitions as shown in Figure 4(b) concentrated solutions
were studied. The spectra of Pr(2)s and Pr(4)s have been vertically offset for clarity by 6 and 12 Imol-cm-
! respectively. The first Pr3* absorption peak common to all the complexes is observed at ca. 600 nm and
is assigned to the *Hs — D, transition. This can be clearly seen to consist of a doublet (at the resolution

used for these measurements) which reduces in intensity as ligand substitution proceeds and appears to
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be broadened in the case of Pr(4)s. This peak is followed by a series of further absorption transitions in
the 435 — 500 nm region which are attributed to the Pr¥* 3Hs — 3Py, 3P1, s, and 3P, transitions. At

wavelengths above 400 nm the emergence of ligand-based absorption begins to dominate.

In the NIR a very weak absorption at ca. 1015 nm was observed in Pr(1)s due to 3Hs — G4 transitions,
shown in supplementary information Figure S5. This was not detectable in Pr(4); and although a peak in
Pr(2)s was detected it is not significantly larger than the noise level of the spectrum. At longer wavelengths
a stronger absorption due to 3Hs — 3F4 and *Hs — 3F3 transitions is found at ca. 1450 nm. This absorption
was not detectable in Pr(2)z or Pr(4)s presumably due to the presence of the OH group introduced into the

ligand interfering with the spectrum.

The 351 nm excited PL spectra are shown for all four complexes Pr(1-4)s in Figure 4(c) normalized to the
intensity at 600 nm and offset for clarity. From the absorption spectra (and Pr* energy level structure;
Figure 3) it is clear that this excitation wavelength can only excite the complex ligands and not the Pr3*
directly. Each complex exhibits broad PL peaking at ca. 420 nm which is similar to that observed for
Gd(1-4)x. This similarity of the PL observed from each complex, in particular in the low energy tail at ca.
500 nm, is however in contrast to the differences observed between Gd(1-4)x. The CT discussed above
has been reported to lead to a broad emission centered at ca. 400 nm. This at first appears to be remarkably
similar to the PL observed under 351 nm excitation and might lead to the ascribing of the origin of this
emission as due to the 1So — lls CT state.[48] However, the similarity to the emission observed from
Gd(1-4)x, and the other complexes discussed below, does not support this assignment hence the origin is,

we believe, ligand based.

Inspection of the PL within the spectral region between 430 nm and 500 nm of Pr(2-4)s reveals clear
features due to absorption of the PL by the Pr3* exciting the Po 12 and 1l levels (and incidentally offers
an effective absorption spectrum for Pr(3)3). This is evidenced by the characteristic ‘notches’ in what
would otherwise be a smooth PL spectrum (c.f. Figure 4c and Figure 2b). This can only occur following

the radiative recombination of a ligand exciton, which itself therefore precludes that particular exciton
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having undergone direct energy transfer to the Ln" ion. This then results in emission from the Pr3* being
observed at ca. 600 nm which we assign to D, — 3Hs and 3Py — 3Hs transitions and at ca. 1020 nm
assigned to the G4 — 3Hg transition, and some weak emission at ca. 985 nm due to the D2 — 3F4
transition. Similar absorption features are not as obvious in the PL spectrum of Pr(1)s yet Pr¥* emission
is observed with increased intensity. This may imply that a ligand-to-Pr3* energy transfer process is
responsible for Pr3* excitation in Pr(1)s rather than simple reabsorption of ligand PL.[49] We will discuss
the implications of this in more detail below. We also observe an increase of ca. 5% in the relative strength
of the emission at ca. 600 nm in comparison with that at ca. 1020 nm when comparing Pr(1)s and Pr(4)3
(supplementary information Table S7). Emission at ca. 600 nm precludes subsequent emission at ca. 1020
nm (Figure 5(a)), hence this implies that the probability of radiative emission from the *Po — 3Hs and/or
the 1D, — 3H4 transitions has increased in these complexes despite the fact that the ligands do not fully

coordinate the Pr3* ion.

Considering now the 458 nm excited PL spectra presented in Figure 4(d) it is immediately apparent that
the Pr3* emission is significantly enhanced. Again, we have normalized the spectra at 600 nm and offset
them for clarity. The 458 nm excitation can be directly absorbed by the Pr3* I energy level and, as
observed for Gd(1-4)x, may also excite the ligand triplet state leading to the broad ligand emission
observed from Pr(2-4)s. It can be seen that the intensity of the ligand emission in comparison with the
Pr3* 600 nm emission significantly increases with substitution of the ligand. This cannot be associated
with the increased absorption of the ligand at 458 nm because Pr(3)s exhibits strong ligand emission
despite the ligand exhibiting a lower absorption compared to (2) for example (Figure 2(a)). We therefore
may infer that strong energy transfer from ligand to Pr3* is occurring in Pr(1)s which decreases upon
substitution. Such behavior may be reconciled with the triplet energy level being higher in the case of
Pr(1)s favoring coupling to the Pr* 3Pg energy level via a Forster process (JAJ| = 4).[50] As the triplet

energy reduces with substitution this coupling is reduced leading to the observed increase in ligand PL.
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The relative intensities of the Pr3* emission for Pr(1-4); are provided in supplementary information Table

S8.

We can invoke a similar argument to explain the apparent enhancement of the Pr3* emission upon 351 nm
excitation in Pr(1)z and Pr(4)s compared to Pr(2-3)s (Figure 4(c)). In Pr(1)s the singlet state will lie above
the 3P, energy level whilst the singlet state of Pr(4)s is in close resonance. This will result in increased
ligand to Pré* energy transfer in the latter (JAJ| =2) giving the observed Pr®* PL, whilst as discussed above,
Pr(1)s is able to sensitize the Pr3* via its triplet state. For the remaining complexes their singlet states lie
too high to enable sensitization via the 3P state, whilst their triplet states lie too low to allow sensitization

via the 3Po level. This explains the significantly reduced Pr3* emission in Pr(2-3); compared to Pr(1,4)s

under 351 nm excitation.
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Figure 5. Schematic energy level diagram for Pr3* showing the radiative transitions observed from Pr(1)s

under 458 nm excitation (a). The 458 nm excited near infrared PL of Pr(1-4)s (b).
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The inset into the 458 nm excited PL spectra (Figure 4(d)) shows a detailed PL spectrum for Pr(1)3. The
spectral resolution combined with the relatively strong PL intensity allows us to clarify the assignment of
intra-atomic transitions for each of the observed peaks which previously have been uncertain for some
emission peaks. We show schematically in Figure 5(a) the energy level structure of the Pr®* and are able
to assign each of the observed PL peaks and shoulders observed from Pr(1)s under 458 nm excitation
(Figure 4(d)). The highest energy emission at ca. 528 nm is due to the 3P; — 3Hs transition and is also
observed for Pr(2)s; coinciding with the ligand PL maximum. It is possible that this transition is also
present in Pr(3-4)s, although the additional ligand emission makes confirmation difficult. The observation
of PL originating from the ®P; level is perhaps unexpected as fast non-radiative relaxation to the *Po level
would normally be expected. However, emission is also observed at 688 nm and 860 nm which could
only originate from the 3P1 level due to the proximity of neighboring emission assigned to emission from
the 3Po level (e.g. 700 nm and 880 nm emission). It is noticeable that no such emission is observed upon
excitation 351 nm hence it is likely that we only observe the emission from the *P; level under the direct
Pr3* pumping provided by the 458 nm laser excitation. Emission from the 3Py level is observed due to
transitions to all lower energy levels except for the 3Py — ®Ha which at ca. 480 nm lies below the cut-off
of the optical filters used and the D> level. A small peak is visible at ca. 495 nm which could be related
to such a transition although this cannot be unambiguously confirmed. The emission observed from the
3P, and ®Pg levels at 860 nm and 880 nm is of particular significance as it populates the G4 energy level

which will be discussed below.

Emission is also observed originating from the 'D- level, most probably populated via non-radiative
relaxation of the higher levels due to the small energy gap separating them. Emission is observed due to
transitions to all lower lying energy levels, again including to the 'Ga, which we believe has not been
previously reported in organolanthanide complexes. This results in an emission peak centered at 1430 nm

with the longer wavelength peaks at 1470 nm and further shoulders observable out to 1550 nm assigned
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below. The result of this is that we now have three confirmed radiative pathways leading to population of

the 1G4 level.

The populated G4 level undergoes radiative relaxation to the 3Hs level emitting at ca. 1019 nm as
previously reported. We also observe emission at 1366 nm due to ‘G4 — 3Hs level, a commonly used
lasing transition in optical amplifiers, again not reported for such complexes previously. To complete the
assignment of the broad near infrared emission we assign the PL peak at 1470 nm to the Fs — 3Hq
transition and the 1550 nm PL observed as a shoulder to the ®Fs — 3Ha. The combination of the above
described long wavelength emission results in broad near infrared emission spanning the technologically

significant wavelength range of 1330 nm to 1600 nm.

Whilst we have focused on the NIR emission obtained from Pr(1)z in the above discussion we also observe
similar PL from Pr(2-4)s as shown in Figure 5(b). Each spectrum has been normalized to its peak intensity
ca. 1430 nm and offset for clarity. The effect of placing the OH group at the 4-position of the pyridine
ring is to slightly reduce the emission intensity as indicated by the increase in each spectrum’s noise level.
It is observed that, although the relative visible emission at ca. 600 nm originating from the Pr®* reduces
with ligand substitution of (1) with (4), the NIR Pr3* emission (e.g. ca. 1020 nm and 1432 nm) increases
under 458 nm excitation (Supplementary information Table S8). However, the observation of emission
from the 3P level, when fast relaxation to the Py level would be expected, and likewise emission from
the 3F4 and ®Fs levels imply that such processes do not fully quench the emission. We note that the
emission obtained from Pr(3)s under 458 nm excitation is very weak in comparison to that of the other
complexes (Table 1). The reasons for this are unclear but may be related to the difficulties experienced in

forming solutions of this complex for UV-Vis-NIR absorption studies.

The ca. 1020 nm PLE spectra of Pr(1-4)s are shown in Figure 6(a) within which the direct absorption of
the Pr®* ion is clearly identified. Within the UV region Pr(1-3); also show a broader PLE peak
demonstrating sensitization of the Pr* by ligand absorption. The efficiency of this process is clearly low

(and of comparable strength to direct excitation of the ion) although it does increase with substitution to
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form Pr(2)s and Pr(3)s. It is found that sensitization of the Pr3* by ligand absorption in Pr(4)s is weaker
than that of Pr(1)s which is aligned with ligand emission in Pr(4)s providing a competing relaxation

mechanism (Fig 3(c),(d)).
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Figure 6. PLE spectra of Pr(1-4)z obtained at an emission wavelength of 1020 nm corresponding to the
Pr3*1G, — ®H, emission (a). PL decay transients of Pr(1-4)x obtained under 450 nm excitation at emission
wavelengths of 870 nm (b), 1020 nm (c) and 1480 nm (d) corresponding to the Pr¥* *P; — 1G4, 1G4 —

3H, and ®F4 — 3H4 transitions respectively.

The 450 nm excited radiative lifetime of the Pr3* P; — 1G4 (870 nm), 1G4 — 3H4 (1020 nm) and °F4 —
3H,4 (1480 nm) transitions in each complex are shown in Figures 6(b) to (d). The Pr¥* emission at ~610

nm was not measured due to the presence of strong ligand emission. The decay transients of Pr(1,2)s can
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be fitted with a single exponential decay with the characteristic lifetimes shown in supplementary
information Table S9. Likewise, the 1020 nm and 1480 nm decay transients of Pr(3,4)s can also be fitted
with single exponential decays respectively, using the values in supplementary information Table S10.
The presence of some ligand emission at ~870 nm in these complexes however requires the use of a
double exponential decay to obtain a fit. The fast components of the decays are found to be 5.2 + 0.2 ns
and 4.4 + 0.2 ns for Pr(3)3 and Pr(4)s respectively, which are similar to the radiative lifetime of the ligand
emission (~8 ns, supplementary information Table S6). It is generally found that the measured lifetime of
the Pr3* emission reduces with substitution of the 4-position of the pyridine ring in the order H > OH >
Cl. Substitution of the 3,5-positions with Br, in addition to the 4-position with OH, is seen to limit the
effect of the OH thus it might be expected that bromination alone could yield an increase in the Pr3*
emission lifetime in these complexes. PLQE measurements under 458 nm excitation (supplementary
information Figure S6) reveals that in all cases the Pr3* emission sensitization is poor with Pr(1,2)s having
the highest efficiencies at just ~0.065% (supplementary information Table S11). A significant reduction
is found when ClI is substituted at the 4-position and Br at the 3,5-positions of the pyridine ring. This
correlates well with the strength of the PL spectra shown in Figure 5(b) as indicatively determined by

examination of the level of noise present in each spectrum.

Using the absorption spectra in Figure 4 Judd-Ofelt modelling was performed for each complex with the
exception of Pr(3)3 because no absorption spectrum could be obtained for this complex. The measured
absorption cross-sections and the measured and calculated line strengths are shown in supplementary
information Table S12 for Pr(1)s with those of Pr(2,4)z: being similar. Using this data the Judd-Oflet
parameters (€22,46) Were obtained and are shown in supplementary information Table S13. In each case
an accurate least squares fit could be obtained, though the values of ASrms are of the order 1 x 100 cm?,
It is known that Pr3* often presents difficulties when attempting to utilize the Judd-Ofelt approach.[50]

Thus we believe that the values obtained for ASrms substantially overestimate the true accuracy of this fit.

3.3 Nd3*-Complexes
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We now present the optical characterization of Nd(1-4)x and in Figure 7(a) show the absorption spectra
of each complex. Inspection of the low-energy Nd(4): ligand absorption reveals similar behavior to that
observed for Gd(4). but without the presence of a peak at ca. 340 nm evidenced by a shoulder in the case
of Pr(4)s. On the evidence presented it is clear that the intensity and composition of the ligand absorption
of the Ln(4)x complexes is sensitive to the molecular configuration, varying in particular over the 260 nm
to 360 nm spectral range. The reduction in the ligand absorption of Nd(4): is in agreement with elemental
analysis supporting the Gd(4). ligand coordination assignment in both cases. Taking these variations into
account we still observe that the absorption of Nd(1-4)x exhibits the same shift of the absorption edge
with ligand substitution discussed above for Gd(1-4)x. Figure 7(b) shows the detailed absorption spectra
due to the Nd** intra-atomic 4f transitions extending across the visible region and into the NIR spectral
region. The spectra of Nd(2)s, Nd(3)s and Nd(4)1 have been offset by 12, 24 and 36 Imol™cm™ respectively
for clarity. Each transition originates from the Nd** *lg/> ground state to that indicated within Figure 7(b).
Unlike the complexes discussed so far it can be seen that excitation at 351 nm will excite both the ligand

and Nd** (*lar2 — *Day2) as does the 458 nm excitation (*lorz — “Gi1r2, 2Darz) (Figure 3).

22



50
Nd(1)3 1 Q/Gm'szz W eg 475{2'2Hs/2
- Nd(z)3 ] 7z a3 w
,,,,, 40 4 372
Nd(3)3 t i szz 4F9¢2
. ----— Nd(4), .
5 5 30
] 5
£ £ i
= = 204
T 10 Nd(2),
\,
\,
AR
S J Nd(1),
STy R 0 +rrrrrrr e e T T Y
260 280 300 320 340 360 400 500 600 700 800 900
(a) Wavelength (nm) (b) Wavelength (nm)
‘l
1.6 112
1.4
- —_
S 5 1.24
L) 8
2 2 1.0
‘® ‘®
[ = C
2 L o084
£ £
- -
o 5] o 06
4 0.4
1112
1 9
912 0.2 4
Nd(1), N
(O o L e e 0.0 5 e e
400 500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100 1200 1300 1400
(C) Wavelength (nm) (d) Wavelength (nm)

Figure 7. Absorption spectra in methanol (except Nd(2)z in H20) (a) and (b) and 351 nm and 458 nm
excited powder photoluminescence spectra ((c) and (d) respectively) of neodymium(lll) tris(pyridine-2,6-
dicarboxylic acid) and its analogues [Nd(1-4)x]. Nd®" 4f-4f absorption transitions occur from the *lg/
ground state to those indicated (using parentheses in emission spectra). 4f-4f emission occurs from the

F3» level to those indicated.

The 351 nm excited PL spectra of the Nd** complexes, each normalized to the 1053 nm emission intensity
and offset for clarity, are presented in Figure 7(c). In the case of Nd(1)s broad ligand PL is observed
peaking at 425 nm. As ligand substitution occurs the intensity of the ligand PL (in comparison to the 1053
nm PL) reduces in the order Nd(1)s > Nd(2)s > Nd(4): ~ Nd(3)s which also follows the relative increase

in Nd* emission (Table 1). Within the low-energy tail of Nd(1)s ligand emission, re-absorption by Nd**
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is seen, most notably at ca. 515/525 nm and ca. 584 nm corresponding to excitation of the (*Gozz + 2Gop)
and (°Gri2 + *Gsp2 + *Grp2) levels respectively. Closer inspection also reveals excitation of the (*Guz +
2P5p,) at ca. 476 nm. Nd(2-3)s display very similar behavior with the ligand emission being absorbed by
the central ion whilst in contrast Nd(4): appears to display two ‘emission peaks’ centered at 465 nm and
567 nm. Following detailed experimental study and careful consideration of the known Nd3* 4f energy
level structure we conclude that the 465 nm ‘peak’ is an artifact relating to the weak nature of the ligand
emission and ‘strong’ absorption of the PL by the (G112 + ?Psp) levels either side of this wavelength.
Likewise the ‘peak’ at ca. 567 nm arises from a similar process involving excitation of the (*Gos2 + 2Ggy2)
and (°Grz + *Gsp2 + *Grr2) levels either side of this wavelength. Emission is observed in the NIR from
Nd(1-4)x peaking at 873 nm and 1053 nm originating from the Nd®*" *Fsz — *loz and *Fzrz — *li1r2

transitions respectively.

To study further ligand-to-Nd** energy transfer processes the 458 nm excited PL spectra presented in
Figure 7(d) may be utilized. As for the 351 nm excited PL spectra we have normalized the spectra to the
1053 nm peak intensity and offset them for clarity. It is immediately observed that we still see broad
ligand PL with the similar characteristic features relating to absorption of the emission by the Nd3*. The
strength of the ligand PL increases as Nd(4): > Nd(2)z > Nd(3)s > Nd(1)z. The triplet energy level of
Nd(4)1 should lie between the Nd** G/, and G, levels hence reduced energy transfer would be expected
accounting for the ligand emission. Assuming a similar increase in triplet state energy in line with that
described for Pr(1-4) the triplet state of Nd(1)s would be resonant with the *Ggy. allowing energy transfer
and the observed quenching of ligand emission. Nd(2-3)s are between these extremes resulting in the

observed ligand emission behavior via interaction with the 2Gg, and *G7z levels.

This argument does not explain the changes in ligand emission upon 351 nm excitation as for Nd(1)s
significant PL was observed unlike when exciting at 458 nm. This we believe is due to fast radiative

recombination of the ligand singlet state competing with ISC to the triplet state. As ISC increases with
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ligand substitution the triplet state is populated resulting in more efficient sensitization of the Nd**

evidenced by the stronger emission (qualified by the reduction in signal noise) observed at ca. 1053 nm.

Turning attention to the emission originating from Nd®" we observe 873 nm, 1053 nm, and 1330 nm
centered PL due to *Faz — *lorz, *Faz — *l1iz, and *Fs2 — “lia2 transitions respectively. A higher
resolution PL spectrum for Nd(1)z is provided in the supplementary information (Figure S7) revealing
some of the Stark splitting detail of these levels. To obtain information regarding the relative efficiency
of each transition, the peaks were each integrated and then divided by their combined sum for each
complex (supplementary information Tables S14 and S15). The 1053 nm emission varies between 55%
and 60% of the near infrared emission with the 873 nm and 1330 nm emission typically accounting for
ca. 35% and ca. 8% respectively under 458 nm excitation. No strong correlation is observed for this
excitation between the relative strengths and ligand substitution performed except for the observation that
Nd(4): shows the lowest proportion of 1053 nm and 1330 nm emission. This may be related to increased
non-radiative relaxation of the ion due to the presence of solvent molecules that satisfy the Nd**
coordination requirement in this complex. Additionally, we note that this excitation energy is able to
directly excite the Nd®* (*lsr — *G1112) thus, whilst energy transfer from ligand to Nd®* is observed to take

place, direct excitation may be dominant.
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Figure 8. PLE spectra of Nd(1-3)s obtained at an emission wavelength of 1053 nm corresponding to the

Nd®* *Fa — *l11/2 emission.

PLE spectra obtained using the *Fs;z — *l112 (1053 nm) emission line were obtained for Nd(1-3)3 and are
shown in Figure 8 normalized to the absorption peak at 580nm and offset for clarity. Due to shortage of
material no spectrum was obtained for Nd(4):. All three Nd®*" complexes show relatively similar PLE
spectra with a broad peak in the UV region from approximately 215 nm to 350 nm. In the case of Nd(2)3
this broad peak is centered in the middle of this PLE range at ~280 nm. In contrast the same broad peak
of Nd(1)s appears to be a doublet peaking at ~250 nm and 295 nm with similar intensity. Finally in the
case of Nd(3)s this broad peak appears similar in form to that of the doublet of Nd(1)s however the
intensity of the higher energy peak at ~250 nm is significantly weaker. On comparison of the results with
the ligand absorption, Figure 7(a), we can see that the strong absorption present at ~275 nm does not
produce efficient photoluminescence from the complexes of Nd(1,3)s. In the case of Nd(2)s however there
is evidence that the maximum PLE intensity due to ligand absorption at ~280 nm also coincides with the
peak absorption. The broad PLE peak seen in the UV region from all of the Nd** complexes suggests that
energy transfer from the ligand to the Nd* ion takes place and is most efficient between 280 nm and 300

nm.

In the visible and near-IR the PLE spectra correlate with the absorption spectra presented in Figure 7(b)
with peaks clearly visible due to direct intra-atomic transitions of Nd3*. It can be seen that the PLE peaks
attributed to the ligand absorption are in general more intense than those of direct excitation of the Nd3*
ion other than at ~580 nm. This suggests that ligand excitation and energy transfer into the Nd®* ion can

be used as a preferential sensitization mechanism.
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Figure 9. 520 nm excited PL decay transients of Nd(1-3)s measured at 885 nm (a) and 1060 nm (b)

corresponding to the Nd®* 4Fa;; — “lerz and #Fa2 — 1112 transitions respectively.

Room temperature (~298 K) PL decay transients of Nd(1-3)3, measured at 885 nm and 1060 nm, are
presented in Figure 9(a) and (b) respectively. In both cases 520 nm excitation was used which is consistent
with direct excitation of the Nd*" ion and provides an indication as to how the substitution of the 3, 5 and
4 positions of the pyridine affect the non-radiative energy loss within the excited ion. It can clearly be
seen that the 885 nm PL of Nd(2)s decays far more quickly than those of Nd(1,3)s with respective lifetimes
0f 248.3 £ 0.4 ns, 591.6 £ 0.4 ns and 615.8 + 0.4 ns (supplementary information Table S16). It is therefore
observed that the lifetime reduces with substitution in the order of Cl > H >> OH. where 4-Cl has the
longest radiative emission. The short lifetime found for Nd(2)s is indicative of competing non-radiative

relaxation pathways which is attributed to energy loss from the Nd®* *Fs/, energy (~1.42 eV) level through
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coupling to the (3" harmonic) vibrational mode of O-H (~1.30 eV). The analysis of the ~1060 nm PL
lifetime reveal a similar trend and lifetimes to those measured at 885 nm with values of 598.5 + 0.3 ns,
250.4 £ 0.3 ns and 628.6 £ 0.3 ns for Nd(1-3)z respectively. This clearly supports the rationale for

halogenation of the chelating ligands in order to reduce deleterious non-radiative relaxation.

The PLQE of the Nd** emission for Nd(1-3)s, when excited at 514 nm, is given in supplementary
information Table S17 calculated using the spectra shown in supplementary information Figure S8. As
expected from the PL lifetime data the PLQE reduces with substitution of the 4-postion with OH and is
increased when substituted with CI. It is interesting to note that in the case of Nd(4); the PL intensity of
the Nd®* emission at ~885 nm and 1060 nm appears almost as strong as that of Nd(3)s (Figure 7(c)). In
this case, although lack of material prevented our measurement of the lifetime and PLQE, the substitution
of the 3,5-position of the pyridine ring with Br must be balancing the potentially deleterious effect of the

OH group present at the 4-position (and indeed any solvent molecules completing the coordination).

The Judd-Ofelt phenomenological parameters for Nd(1-4)x were calculated from the measured and
calculated oscillator strengths and are presented in supplementary information Table S18 and S19. It can
be seen that a good least squares fit was achieved for all parameters with the largest root mean square
oscillator strength error (4Srms) being found for Nd(4):, with a value of 0.66 x10%° cm?. These values
compare well with those obtained by a study of lead-doped silicate glass[51] and GdAl3(BOz)a4 crystal[52]
hosts. Using these values the calculated branching ratios (supplementary information Table S20) of the
complexes were obtained for each complex along with their calculated radiative lifetimes and efficiencies.
These are presented in supplementary information Table S21 alongside the experimentally measured
radiative lifetimes. As the Judd-Ofelt theory does not account for any non-radiative energy loss the
lifetimes calculated (zac) are typically far longer (~ three orders of magnitude) than those of the
experimentally measured lifetimes (zmeas). Although a direct comparison of the calculated and measured
radiative lifetimes cannot be made, the order of the radiative lifetimes between the complexes is still of

interest. As previously discussed the experimentally measured radiative lifetimes of the Nd(1-3)3
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complexes take the order 4-Cl > dpa >> chel where 4-Cl has the longest radiative emission. In the case
of the radiative lifetimes calculated using Judd-Ofelt theory, the Nd®" complexes take the order dpa >>
chel > 4-Cl. The most notable difference here is that the Nd(3)s has the shortest calculated radiative
lifetime and the longest measured radiative lifetime. As the Judd-Ofelt theory does not account for the
effects of non-radiative loss this is further evidence that halogenation of the complex specifically reduces
the non-radiative relaxation thereby increasing the measured radiative lifetime. Furthermore, comparison
of the PLQE obtained from the Judd-Ofelt model to those obtained experimentally again shows an over-
estimate (by ~four orders of magnitude) of the PLQE by the model (supplementary information Table
S21). Recalling the experimentally measured PLQE, for Nd** they take the order 4-Cl > dpa >> chel

whilst in contrast the Judd-Ofelt calculated QE reveal that the trend 4-Cl >> chel > dpa.
3.4 Dy**-Complexes

As for the above complexes we present similar optical spectra in Figure 10 for Dy(1-4)x. The ligand
absorption spectra (Figure 10(a)) are most similar to that of Gd(1-4)x with the only significant difference
being the reduction in the molar extinction coefficient of Dy(3): by two thirds. We believe that this is
directly related to the reduction in ligand coordination to the Dy** which in contrast to all other complexes
of (3) did not fully coordinate the ion, as confirmed by ScXRD. Again the ligand absorption of Dy(4)s

agrees with elemental analysis, increasing to a level similar to the other 3-ligated complexes.
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Figure 10. Absorption spectra in methanol (a) and (b) and 351 nm and 458 nm excited powder
photoluminescence spectra (c) and (d) respectively, of dysprosium(lll) tris(pyridine-2,6-dicarboxylic
acid) and its analogues [Dy(1-4)x]. Dy®" 4f-4f absorption transitions occur from the ®His/> ground state to

those indicated. 4f-4f emission occurs from the *Fg2 level to those indicated.

The 4f Dy** absorption of each complex is shown in Figure 10(b) extending out to 1400 nm with all
transitions occurring from the ®His2 ground level to those indicated. Many transitions in the 300 nm to
500 nm spectral region are observed, and are particularly clear for Dy(1)3 which are shown in more detail
in supplementary information Figure S9(a). At energies above 400 nm (3.1 eV, 25000 cm™) definitive
assignment of the energy levels becomes complex due to intense overlap and mixing of the J states.

Various attempts have been made in early work[40,41] and based on more recent studies,[53-56] however
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variation in assignment still exists. Our assignments in this region are based on consideration of these

previous reports.

The ®His, — ®F1112 transition has previously been reported[57-59] to be hypersensitive to the local atomic
configuration observed via changes in the relative contribution to the absorption at ca. 1300 nm due to
this transition and the ®His; — SHgy transition. However, despite the change in ligand coordination
between Dy(1,2,4)s and Dy(3): no quantifiable change could be observed in the absorption spectrum

beyond the slight reduction in the high energy side of this absorption in the case of Dy(3):.

It can be observed that excitation at 351 nm results in both ligand and Dy®* excitation (via the *His, —
%P, transition). The 458 nm excitation is however only very weakly absorbed by the Dy** via the ®His)
— *l1s1 transition (supplementary information Figure S9(a) and Figure 3). The PL resulting from 351 nm
excitation, shown in Figure 10(c), reveals four emission bands originating from the Dy** *Fg, level
populated via non-radiative relaxation from the ®Ps, level pumped by the excitation energy. We have
normalized the spectra to the Dy** ca. 574 nm emission and offset the spectrum of Dy(2-4)x for clarity.
Only Dy(4)s displays any significant ligand emission (much weaker emission is observable from Dy(3)1)
thus following excitation of the ligand singlet state of Dy(1-3)x it is able to relax via efficient energy
transfer to the Dy3* (via the *l13/2, *F712 levels). Figure 3 shows that in the case of Dy(4)s the singlet ligand

state is not resonant with a 4f intra-atomic level of Dy** being below the G112 level.

The four PL peaks originating from the Dy** are all related to the relaxation of the *Fg/, level with the 481
nm (*Ferz — ®Hasi2) and 574 nm (*Ferz — ®Haarz) being the strongest and the former decreasing and latter
increasing in relative intensity upon ligand substitution (supplementary information Table S22). The 664
nm (*Fez — ®Hi112) peak also increases with ligand substitution whilst the 750 nm (*Fo;z — ®Hayz, 8F1112)
PL remain at constant relative intensity in each complex. However, as can be seen by the increase in
spectral noise the overall PL yield reduces as the ligands are modified in the order Dy(1): = Dy(2)s >
Dy(3)1 > Dy(4)s (Table 1). The significant reduction in overall PL yield from the Dy®* in the case of

Dy(4)s has been discussed above and is attributed to reduced ligand to Dy®* energy transfer thus reducing
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sensitization via this route. The noticeable reduction in Dy(3)1 may again be due to the reduced energy
transfer compared to Dy(1-2)s as evidenced by the small amount of ligand emission still observable. No
lower energy PL emission from the Dy** was measured from any of the complexes under 351 nm

excitation.

Excitation at 458 nm directly excites the Dy*" *l15, level in addition to the ligands. The excited *l1s/
energy level should undergo fast non-radiative relaxation to the *Fg2 energy level, although as we have
shown above such a process in Pr(1-4)x was not completely dominant. Having excited the *Fgy level it
would be expected that very similar Dy*" emission would be observed from Dy(1-4)x under either
excitation wavelength (351 nm or 458 nm). Inspection of the PL spectra obtained under 458 nm excitation
(again normalized to the ca. 574 nm emission and offset for clarity) reveal remarkable differences in
contrast to this expectation, Figure 10(d). We firstly note that the use of long-pass filters to remove
scattered 458 nm excitation also precludes observation of the 481 nm Dy3* emission. Secondly, strong
ligand emission is now observed centered at ca. 520 nm from Dy(3-4)x with no ligand emission observed
from Dy(1-2)s. This is immediately explained by inspection of Figure 3 and the relative position of the
complex triplet state energy which for Dy(4)s lies below the Dy®* *Fqp energy level preventing energy
transfer. For Dy(1-2)3 energy transfer may occur from the triplet state as its energy increases, as discussed
above for these complexes, into the *Fg/2 level hence quenching the ligand emission. Comparison of the
ligand emission obtained under 351 and 458 nm excitation indicates that energy transfer must also occur
directly from the singlet state. If this were not the case, stronger emission would be expected under 351
nm excitation following ISC to the triplet state. We may therefore also therefore assume that the lack of
ligand emission from the other complexes under 351 nm excitation is due to a similar process rather than
via ISC to the triplet state and subsequent energy transfer. This former energy transfer route is likely to
be more efficient being based on a Dexter process (JAJ| = 1) with transfer into the *Fg/2 being much weaker

(|AJ| = 3).
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Closer inspection of the 458 nm excited PL in Figure 10(d) indicates the presence of a further peak at ca.
850 nm in the spectra. We show in supplementary information Figure S9(b) a detailed PL spectrum of
Dy(1)s over an extended spectral region that reveals many more peaks resulting from Dy** intra-atomic
transitions. Radiative emission is observed originating from the *Fo/ level to every lower lying level, as
assigned within Figure S9(b), with the longest such transition being observed at ca. 1287 nm due to the
*Far2 — BF112 transition as a doublet. We also observe this transition in Dy(2-3)x but only extremely weakly
in Dy(4)s (supplementary information Figure S9(c) and Table S23). In Dy(1)s the observation of a lower
energy transition at ca. 1350 nm ,which we assign to the (°F11/2, ®Hgr2) — ®Hiss2 transition, and a very weak
emission at ca. 1855 nm assigned to the ®Hi1, — ®Hasp transition is seen (supplementary information
Figure S9(d)). We note that this emission, which is the longest reported from such a complex, is at the
limits of the system detection range used and hence (despite correction for the system response) may be
more intense than indicated in supplementary information Figure S9(d). Of the other complexes studied
only Dy(3): demonstrated (much weaker) emission at ca. 1350 nm and no other complexes exhibited any
detectable emission at 1855 nm. As such no further information on any potential hypersensitivity of the

®F11/2 — ®His/2 could be gained as previously reported[60] using these complexes alone.

Figure 11(a) presents the PLE spectra of Dy(1-4)x measured at 574 nm (*Fo;2 — ®H1312), normalized to the
PLE peak at 450 nm and offset for clarity. All four complexes show similar PLE spectra to those observed
for the Nd(1-3)3, with a broad UV peak from approximately 214 nm to 325 nm. This correlates well with
the hypothesis that the broad PLE peak in the UV region is due to ligand sensitized emission of the
lanthanide ion. In the case of Dy(1)s and Dy(3): this broad peak can be seen to comprise of two
overlapping bands peaking at ~250 nm and 300 nm closely mirroring, through slightly shifted, the
absorption spectrum of these samples. The PLE of Dy(4)s shows a much sharper absorption peak at ~295
nm suggesting the existence of an intra-atomic transition at this wavelength. A low intensity broad PLE
peak from approximately 215 nm to 350 nm is also observed for Dy(4)s suggesting that ligand

sensitization is comparable to direct sensitization of the Dy®* ion in this complex. The red-shift of this
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peak, compared to that of the other Dy(1-3)x, correlates well with the absorption data presented in Figure

10(a).
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Figure 11. PLE spectra of Dy(1-4)x obtained at an emission wavelength of 574 nm (a) and 750 nm (b)

corresponding to the Dy** *Fg2 — SHiarz and *Forz — ®Hayz, ®Fras2 transitions respectively.

It should be noted that as the PLE was obtained at 574 nm it is possible that ligand-centered emission in
addition to Dy®" centered emission was being detected. (c.f. Figure 10(c) and (d) where under 351 nm and
458 nm excitation Dy(4)s exhibited strong emission attributed to the ligand at 574 nm). Figure 11(b)
therefore presents additional PLE spectra measured at 750 nm to prevent such a possibility, as negligible
ligand emission is observed at this wavelength. In the visible region the PLE spectra correlate well with
the absorption spectra of Dy(1-4)x with peaks at ~326 nm, ~366 nm, ~389 nm, ~428 nm, ~452 nm and

~476 nm matching the Dy®* intra-atomic transitions. The 750 nm PLE displays a narrower broad peak in
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the UV region at ~295 nm for the Dy(1)z and Dy(3): and no sharp peak at 295 nm for Dy(4)s when
compared to the 574 nm PLE. Additionally, very intense PLE peaks at approximately 355 nm and 375
nm are now observed for all complexes, attributed to the ®Hisp, — ®Ps2 and ®His, — ®P712 intra-atomic
transitions respectively (supplementary information Figure 9(a)). The lack of the distinct UV PLE peaks
in Figure 11(b) could indicate that those observed in Figure 11(a) could be due to ligand-centered emission
rather than Dy** sensitized emission as the excitation wavelength of 295 nm matches the predicted energy

level for the triplet state for the Gd(4): ligand.

Within the 750 nm PLE for Dy(1-4)x a strong peak is observed at 336nm due to the transition ®His;, —
“Fsro. This is in contrast to the absorption spectra where weak direct absorption is seen at this wavelength.
Interestingly, this PLE peak at 336 nm is particularly strong in Dy(4); and weak in Dy(2)3, which instead

has a peak at ~326 nm that is absent in the other complexes.

The relative intensities of the PLE peaks attributed to ligand-sensitized emission and direct excitation of
the Dy** ion provide an indication of the PL efficiency with Dy(4)s appearing to have the lowest
sensitization efficiency. Similar analysis leads to the expectation that the sensitization efficiency decreases
in the order of chel > dpa > 4-ClI > 3,5-Br which should be observable in the PL lifetime. The 574 nm
(*Farz — ®Hisp) PL transient decays are shown in Figure 12 and found to be biexponential in nature with
the values provided in supplementary information Table S24. The excitation wavelength used was 520
nm thus direct excitation of the Dy** ion is performed and the lifetimes obtained therefore again give an
indication to the non-radiative energy losses within the ion with respect to the 4- and 3,5-position
substitutions of the ligand. It is apparent that there are extreme differences in radiative lifetime of the
different Dy®* complexes as the longer of the biexponential lifetimes vary by two orders of magnitude
from 42.83 £ 0.01ps for Dy(1)3 to 0.61 + 0.01 us for Dy(4)s. The PL lifetimes take the order dpa > chel
> 4-Cl > 3,5-Br which is similar to that expected qualitatively from the PLE. The shortened lifetimes of
Dy(3): and Dy(4)s suggest an extremely inefficient radiative process and are in stark contrast to the Nd3*

complexes where halogenation in the case of Nd(3)s reduced non-radiative loss.
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Figure 12. 520 nm excited PL decay transients of Dy(1-4)x measured at 547 nm corresponding to the

Dy3* 4For2 — ®Haap2 transition.

The faster of the biexponential lifetimes observed in each Dy** complex occur on a ~10 ns timescale. Due
to the short duration of this component, and its unchanging nature across the four complexes, the ‘fast’
component is attributed to ligand-centered luminescence. This is in agreement with the study of Gd(1-4)x
described above where the proposed strong L.S coupling is consistent with a bi-exponential decay being

observed due to fast radiative recombination of the triplet state (Table S6).

Consideration of the results of the PLE and the PL lifetimes enables prediction of the relative PL
efficiency of the Dy(1-4)x. For example Dy(4)z displays the least intense ligand PLE and also presented
the shortest radiative lifetimes, we therefore predict that it will be the least efficient of the complexes
studied. Based on such argument we predict the PLQE to take the order dpa = chel > 4-Cl > 3,5-Br. PLQE
measurements (exciting at 458 nm) were undertaken and are presented in supplementary information
Figure S10 and tabulated in supplementary information Table S25. A similar order of relative efficiency
to that predicted above is observed Dy(1)s and Dy(2)s having the highest efficiencies followed by the

halogenated complexes.

Judd-Ofelt theory was again employed to analyze the absorption of the complexes and used to determine

their oscillator strengths, emission probabilities and branching ratios. Nine Dy** transitions were used in
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the analysis of all the complexes with the exception of Dy(4)s where only five transitions could be used
due to intense ligand absorption masking the lanthanide transitions. Supplementary information Table
S26 presents the absorption cross-sections with associated oscillator strengths, measured and calculated,
for each intra-atomic transition of Dy(1)s. The Judd-Ofelt parameters obtained for each complex are
presented in supplementary information Table S27 along with ASims. The ASyms values suggests that the
least squares fit is relatively good for all of the complexes with the highest deviation being calculated for
the Dy(1)s at a value of 0.228 x 102° cm?2. Although ASrms suggests a good fit for the Judd-Ofelt theory,
there seems to be a large variation in the values obtained, with Q, ranging from 0.66 to 7.18 (x 10° cm"
2) between Dy(2)s and Dy(4)s. The large discrepancy in the Q. values can be attributed to the uncertainties
in accurately measuring the weak absorption bands as reported by others.[61] In particular, as noted above,
for Dy(4)s the weaker transitions were not used in the Judd-Ofelt calculation due to the intense ligand

absorption as can be seen in Figure 10.

Supplementary information Table S28 presents the lifetimes for the intra-atomic transitions originating
from the *Fo2 energy level of the Dy** complexes as calculated by the Judd-Ofelt theory. It is found as
expected, discussed above, that the lifetimes predicted by the Judd-Ofelt theory are several orders of
magnitude longer than those measured experimentally. Judd-Ofelt theory predicts that the lifetimes should
take the order 4-Cl > chel > dpa > 3,5-Br where Dy(3): has the longest lifetime in contrast to the measured
lifetimes which take the order dpa > chel > 4-Cl > 3,5-Br where Dy(1)s has the longest lifetime.
Supplementary information Table S25 presents the calculated Judd-Ofelt PLQE alongside the
experimental values. In general the predictions can be seen to qualitatively agree with measurement with

Dy(1,2)s having higher PLQE than Dy(3,4)x.

3.5 Er¥*-Complexes
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We finally present the optical characterization of Er(1-4)s in Figure 13. The ligand absorption is similar
to that reported above for the other complexes within with that of Er(4)s most closely resembling that of
Pr(4)z exhibiting a clear shoulder at ca. 340 nm and extended absorption to 360 nm (Figure 13(a)). The
absorption spectrum of Er(3)s shows signs of background scattering of light, though the solution was
observed to be fully dissolved and clear to the eye not displaying any color or turbidity. The 1152 ground
state Er®* 4f absorption is shown in Figure 13(b) with the spectrum of Er(2-4); offset by 6, 12 and 16 Imol
Yem for clarity. The 690 nm to 950 nm spectral region is also excluded again to improve clarity but
provided in supplementary information Figure S11(b). All complexes exhibit very similar ground state
absorption with the main difference being a significant increase in the *lis, — 2Hi12 transition with a
corresponding increase in the *lis, — *Gi12 transition in Er(3)s. Both of these transitions have been
reported as being hypersensitive[62] which explain these observations and will be discussed further

below.
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Figure 13. Absorption spectra in DMSO (except Er(2)z in H20) (a) and (b) and 351 nm and 458 nm
excited powder photoluminescence spectra ((c) and (d) respectively) of erbium(ll) tris(pyridine-2,6-
dicarboxylic acid) and its analogues [Er(1-4)s]. Er®* 4f-4f absorption transitions occur from the *l1s

ground state to those indicated. 4f-4f emission occurs due to transitions between the levels indicated.

Supplementary information Figure S11(a) and S11(b) shows the absorption of Er(1)s in greater detail with
absorption from the *l152 level observable to every above lying level up to Gz at ca. 356 nm. This
includes very weak absorption due to the *l1s;2 — *lg/2 transition at ca. 798 nm not shown in Figure 13(b).
We also note that excitation at 351 nm excites only the ligand whilst 458 nm excitation mainly excites the
ligand and the low-energy shoulder of the “Fs; Er®* energy level (supplementary information Figure

S11(a) and Figure 3).
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Upon excitation at 351 nm each ligand displays PL with that of Er(2)s being significantly stronger than
the others peaking at ca. 460 nm as observed for Gd(2)s. Within the low energy tail of Er(2)s (and Er(3)s3)
absorption of the ligand PL by the Er®* is seen at ca. 487 nm (*l1s2 — *F712) and 420 nm (*l1s2 — 2Hi1r2).
A smaller absorption at ca. 450 nm is also apparent due to the *l1s;, — *Fsy2 transition. The weak nature
of the ligand emission (compared to other Ln** complexes above) indicates quenching of the ligand singlet
emission either via energy transfer to the Er®* as discussed further below. Despite the direct excitation of
the Er** at 351 nm (via 2G7z), ligand to Er®* energy transfer, and absorption of ligand PL only Er(2)s
exhibits characteristic NIR Er®* emission due to the well-known 113> — *l15,2 transition (supplementary
information Figure S11(c)). This suggests that non-radiative intra-atomic quenching is occurring in
Er(1,3-4)3 but is less effective in Er(2)s (which counter intuitively has an OH group attached to the ligand)

or that another process is leading to relaxation of the excited Er3*.

The singlet state of Er(4)s will lie close to (but not quite match) the Er®* Fsj, level thus enabling energy
transfer (JAJ| = 6) and reducing the ligand emission although not fully quenching it (Figure 3). Likewise
for Er(1,3)s which lie close to the ?Hg/2 level though with |AJ| = 3 transfer is in principle likely to be less
efficient than via the “Fs/ level. The singlet state of Er(2)s will lie between these Er®* energy levels and
therefore may account for the increased ligand emission if direct transfer from the singlet state is an
important factor. Supporting this is the reduced ISC to the triplet state in Er(2)s (compared with Er(3,4)3)
because if this did occur then energy transfer from the triplet state to the Er®* would quench the ligand

emission as discussed below.

Inspection of the 458 nm excited PL in Figure 13(d) reveals that each complex is indeed able to exhibit
strong characteristic Er®* emission at ca. 1530 nm due to the *l132 — *l15,2 transition which is in contrast
to the behavior observed under 351 nm excitation. The full spectral region excluding the break is shown
in supplementary information Figure S11(d). A possible explanation is that Er** to ligand energy back-
transfer may occur upon 351 nm excitation into the ligand triplet state thus preventing Er®* emission in

some complexes. For example Figure 3 shows that the triplet state of Er(4)s is likely to lie just below the
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2Hi1p2 level facilitating this (JAJ| = 2). However, in such a case one might then expect triplet to Er®*
transfer via the %Sz energy level (JAJ| = 6) to re-sensitize the Er**, albeit with reduced efficiency. A similar
argument is however difficult to make for the other Er®* complexes that is consistent with the energy of
the triplet states inferred from the study of the other Ln3* complexes. It is therefore most likely that the

ca. 1530 nm emission obtained under 458 nm excitation is mainly due to direct excitation of the Er®".

Inspection of the ligand emission obtained under 458 nm excitation shows each complex displaying
significant emission with Er(3)s being the strongest followed by Er(4)s, Er(2)s and Er(1)s. This indicates
that energy transfer from the triplet state into the Er** is only significant in the case of Er(1)s via the *F7.
level. If this were the case then triplet-Er®* energy transfer should also be observed from the other

complexes, in particular into the 2H1/2 level, though this is not strongly supported by the available data.

Figure 14(a) presents the PLE spectra of Er(1-4)x measured using the #l132 — *l152 PL at 1520 nm. Each
spectrum is normalized to the PLE peak at 650 nm and offset for clarity. The loss of intensity between
350 nm and 360 nm for all the complexes is again attributed to the low excitation power available in this
region. Er(1)s presents a PLE peak in the ultra-violet region at ~300 nm that is consistent with the PLE
spectra of Nd(1)z and Dy(1)s (Figure 8 and Figure 11), however in comparison the intensity is significantly
reduced. Er(2)s shows a slightly stronger broad peak in the UV region with a PLE edge at 300 nm. It was
observed above that upon excitation at 351 nm only Er(3)s displayed the 1520 nm *liz — “*lisp2
characteristic emission. This correlates well with the PLE peak seen for this complex at approximately
350 nm and which is absent for the remaining complexes. Although there is a gap in the available
wavelength range between 350 nm and 360 nm for PLE studies, extrapolation of the data either side of
this wavelength range shows that excitation here should yield the most efficient sensitization for Er(3)s.
Generally for the remaining complexes however, the PLE peaks in the UV region are typically lower in
magnitude than the PLE peaks in the visible region. This indicates that the Er®* complexes possess a low
energy transfer efficiency from the ligand to the Er®* ion. The excessive noise in the broad UV PLE peak

for Er(3)s is attributed to the effects of fluctuations in the Q-switch laser power coupled with a highly
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sensitive energy transfer process. The PLE peaks in the visible region for all the Er®* complexes correlate
well with the intra-atomic transitions of the Er3* ion seen in the absorption spectra (Figure 13(b) and

supplementary information Figure S11(a) and (b)).
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Figure 14. The PLE spectra (a) and 520 nm excited PL decay transients (b) of Er(1-4)s measured at 1520

nm corresponding to the Er* 4l132 — l1512 transition.

The 520 nm excited PL decay transients of Er(1-4)s measured at 1520 nm (0.82 eV) are presented in
Figure 14(b). The excitation used directly excites the Er®* ion (as verified from the PLE spectra, Figure
14(a)) again enabling the lifetimes obtained to give an indication on the level of non-radiative energy
losses taking place within the Er®* ion. The decay transients have been normalized to their maximum
intensity and all were found to display single exponential decay behavior. It is seen that Er(3)3 has the

shortest radiative lifetime and was calculated to be 0.210 £ 0.001 ps suggesting that it has the highest
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non-radiative energy loss. This is an interesting result as the data from both the PL and PLE studies
suggest that Er(3)s has the most efficient energy transfer from the ligand into the Er®* ion of all the
complexes. The remaining complexes have longer radiative lifetimes ranging from approximately 1 ps to

1.7 ps and are presented in supplementary information Table S29.

After presenting the least efficient ligand sensitization (Figure 14(a)) it is found that Er(4)s has the longest
radiative lifetime. This is evidence that the bromination is successful in reducing intra-atomic non-
radiative relaxation but also reduces sensitization efficiency. The radiative lifetimes of the Er** complexes

studied here are found to reduce upon the ligand substitution in the order 3,5-Br > dpa > chel > 4-Cl.

The PLQE of the Er(1-4)s: were not calculated as the radiative emissions were found to be too weak to
measure using the integrating sphere method. This places an upper limit on the PLQE of ~0.174 x 107 for
all the Er®* complexes, based on the lowest PLQE recorded during this work (from Nd(2)s). As the PLQE
complexes studied in this paper have followed a similar order to the PL lifetime we therefore predict the
order of the PLQE for the Er** complexes to be 3,5-Br > dpa > chel > 4-Cl, with Er(3)s being the least

efficient complex.

Judd-Ofelt theory was again used to analyze the absorption of the complexes, their oscillator strengths,
emission probabilities and branching ratios were determined. Supplementary information Figure S12
shows the absorption spectrum for Er(1)3 following correction for ligand absorption providing nine intra-
atomic transitions for use in the modeling. The same procedure was used for Er(2-4)x again providing
nine Er®* transitions with the exception of Er(4); where only seven were fully resolvable due to intense
ligand absorption (Figure 14 (b)). Supplementary information Table S30 presents the integrated
absorption cross-sections as well as measured and calculated oscillator strengths for each intra-atomic
transition for Er(1)s complex. As with the previous complexes the Judd-Ofelt parameters were obtained
and are presented in supplementary information Table S31. The values of AS:ms obtained for each complex
suggests that the least squares fit is good for all cases with the highest deviation occurring for Er(3)z at a

value of 0.31 x 102 cm?. Further analysis including calculation of the fluorescence line strengths,
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radiative decay rates, branching ratios and radiative lifetimes of several possible decay routes in the Er®*

ion are provided in supplementary information Table S32 info for completeness.
4. Discussion

The results presented above enable us to provide a clearer picture as to the potential of pyridine 2,6-
dicarboxylate and its 4-substituted and 3,4,5-tri-substituted analogues for sensitization of Ln®* PL. Key
to this is the ability to build a picture of the ligand energy levels based on the variation of ligand emission
as the various Ln®* are complexed. Analysis of the results leads to the conclusion that the singlet level of
Ln(1)s lies at ca. 3.1 eV (400 nm) resonant with the (*F7s2, *l1312) level of Dy** and the 2Hoy, level of Er**
and placing it ca. 200 meV above the singlet level of Ln(4)s. Similarly the triplet state of Ln(1)s must lie
at ca. 2.6 eV (ca. 477 nm) resonant with the 3Pg level of Pr3*, the *Gg/, level of Nd®*, the *Fqy, level of Dy®*
and the *F72 level of Er®*. This places it ca. 250 meV above the triplet state of Ln(4)s. Such a placement
correlates well with previously reported work on Th(1-4); which indicated energy transfer to the Th3*
state occurs via the singlet state.[20] The only Tb3* energy level within the vicinity of the ligand states is
the D4 corresponding to an excitation energy of 2.57 eV (483 nm). This would only allow triplet
sensitization from Th(1)3 as the remaining complexes have their triplet level below this and are therefore
sensitized via their singlet state. Likewise by comparison with previous work on Eu(1-4)x we can see that
the singlet state of Eu(1)s is resonant to the °Ds level whilst the triplet state is unable to sensitize the Eu®*
(Figure 3).[21] The absence of any ligand emission from this complex indicates therefore that efficient
energy transfer occurs from the singlet state as previously predicted. Substitution to form Eu(2)s3 was
found to reduce the sensitization although still no ligand emission was observed, which is attributed to
quenching of the excited Eu®" by the presence of the OH group. Based on the energy level alignment
proposed sensitization may occur via the triplet state rather than the singlet however quenching is still

likely to take place.

We have assumed that the metal plays only a very minor role in determining the ligand state energies in

line with other studies.[28] In these studies a small variation in the ligand emission was observed (ca. 75
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meV) when complexed to Eu®* and Lu3* neither of which could be sensitized. This was attributed to the
smaller ionic radius of Lu®* due to the well-known lanthanide contraction effect. A similar comparison of
the ligand emission from the various Ln** complexes of 1 and 4 was carried out but energy transfer to the
Ln®* affects many of the spectra preventing any detailed analysis of this effect. However, comparison of
the absorption spectra does not indicate any systematic shift due to variation of the Ln** ionic radius

(supplementary information Figure S13).

The data presented above suggests that hypersensitivity of the Er®* *ly5, — Hi12 (ca. 522 nm) and *lisp2
— %G1z (ca. 381 nm) was observed in the case of Er(3)s. Though less clear, the reduction in the high
energy side of the Dy3* ®Hisp, — SFi12 (ca. 1087 nm) absorption in Dy(3)s also indicated that
hypersensitivity may be occurring. Inspection of the Nd®* #lg;, — *Gs absorption (at ca. 580 nm) did not
reveal any differences however. Those hypersensitive transitions of Gd** lie within the ligand absorption

edge whilst those of Pr¥* lie at ca. 1920 nm and could not be observed.[50]

Finally, we present in Table 1 the relative Ln** emission intensity of each complex relative to that of
Ln(1)s. As would be expected the specifics vary for each Ln®" and excitation energy chosen. For Pr3* and
Dy®*, ligand substitution does not seem to provide any benefit in terms of sensitization efficiency of the
Ln3* emission. Inspection of the intra-atomic 4f energy levels for Dy** (Figure 3) illustrates that once an
excited electron reaches the ®F1/, energy level it would be able to rapidly relax via non-radiative relaxation.
We note that the use of ligands in which halogenation at the 4 or 3,5-position has been undertaken has a
dramatic effect in reducing the relative strength of emission (Table 1). This is in agreement with the
increase in phonon energy such halogenation provides facilitating non-radiative relation from the *Fgp
level to the 5F12. In the case of Pr3* the picture is more nuanced with the Pr(3)s complex yielding a lower
relative emission from the Pré* jon (despite the increased sensitization implied by the PLE spectra in
Figure 6a) than obtained from Pr(4)s where partial bromination has been performed. For Nd** and Er®*
significant improvement in the sensitization efficiency can be achieved via ligand substitution, aided by

the reduction in non-radiative relaxation of the excited ions due to the partial chlorination or bromination
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undetaken. In the case of Nd** a 4 to 5-fold increase in NIR emission is achieved with substitution using
(3) or (4) even though in the case of (4) the Nd®" is not fully coordinated by the ligand. For Er®*
characteristic emission is only obtained for Er(2)s when exciting at 351 nm. However, upon 458 nm
excitation, similar to that of Nd**, an increase in NIR emission is achieved in the case of Er(3)s and Er(4)s.
To obtain quantitative details on the sensitization efficiency for each complex further work is required.
However, the above reported results provide significant guidance to aid such work and to also guide the

development of further modified ligand systems for improved Ln** sensitization and NIR emission.

Table 1. Relative strength of Ln®* PL obtained under 351 nm and 458 nm excitation.

Pri* Nd3* Dy** Er3*e
Aex 351 nm 458 nm 351 nm 458 nm 351 nm 458 nm 458 nm
(dpa)x 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(chel)x 0.11 0.40 0.84 1.03 1.04 0.11 0.35
(4-Cl)x 0.16 0.08 4.72 0.96 0.04 0.03 1.10
(3,5-Br)x 0.99 0.14 3.81 1.00 0.01 <0.01 2.39

excitation at 351 nm only yielded 1530 nm emission for Er(2)s.
5. Conclusions

In this article we report the preparation and characterization of a series of Ln®*" complexes with pyridine
2,6-dicarboxylic acid (1) and its 4-substituted and 3,4,5-tri-substituted derivatives. Detailed spectroscopic
analysis is provided and through rigorous examination of the observed behavior we are able to obtain a
detailed understanding of ligand sensitization mechanisms that lead to excitation of a variety of
coordinated Ln%* ions including Pr3*, Nd**, Dy** and Er®*. Based on the ligand-based photoluminescence

obtained from Gd**-complexes and the relative ligand and Ln®* emission obtained from the other
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complexes, the singlet and triplet state energies of complexes of (1) are estimated to be at 3.1 eV and 2.6
eV respectively whilst for the 3,5-dibromo-substituted complexes (4) they are at 2.9 eV and 2.3 eV. We
additionally report the hypersensitivity of the Er** *lisp, — 2Huz and *lisp — *Giue intra-atomic

transitions in the 4-chloro substituted (3) complex.

In carrying out this study we also demonstrate the ability to obtain sensitized emission throughout the
majority of the NIR spectral range with continuous coverage across the 700 — 1100 nm and 1300 — 1650
nm region from a single family of complexes. This emission also includes the longest reported NIR
emission from an organolanthanide complex to date at ca. 1855 nm from Dy(1)s. Furthermore, complexes
of (1) and the majority of the substituted ligands are found to fully satisfy the 8-9 coordination requirement
of the Ln®* ions. This is especially attractive for their utilization in aqueous systems including bio-sensing
and low-cost sensing applications. In relation to identifying improved ligands for NIR emission we
demonstrate a 5-fold increase in the emission of Nd*" and 2-fold increase in the emission of Er®* via

substitution of (1) with (3) and (4) respectively.
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