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ARTICLE INFO ABSTRACT
Keywords: Lanthanide photoluminescence (PL) emission has attracted much attention for technological and bioimaging
Lanthanides applications because of its particularly interesting features, such as narrow emission bands and very long PL

Density functional calculations lifetimes. However, this emission process necessitates a preceding step of energy transfer from suitable antennas.

Iéummestcenc;: While biocompatible applications require luminophores that are stable in aqueous media, most lanthanide-based
ner, ransier . . . .
Photgzhysics emitters are quenched by water molecules. Previously, we described a small luminophore, 8-methoxy-2-oxo-

1,2,4,5-tetrahydrocyclopenta[de]quinoline-3-phosphonic acid (PAnt), which is capable of dynamically coordi-
nating with Tb(III) and Eu(I1l), and its exchangeable behavior improved their performance in PL lifetime imaging
microscopy (PLIM) compared with conventional lanthanide cryptate imaging agents. Herein, we report an in-
depth photophysical and time-dependent density functional theory (TD-DFT) computational study that reveals
different sensitization mechanisms for Eu(III) and Tb(III) in stable complexes formed in water. Understanding
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this unique behavior in aqueous media enables the exploration of different applications in bioimaging or novel

emitting materials.

1. Introduction

Lanthanides have long fascinated researchers due to their unique
properties and diverse applications, such as biological imaging and
luminescent materials [1-5]. The electronic configuration of lantha-
nides involve the electrons in the 4f shell not contributing to the
chemical bonding because they are shielded by the surrounding filled 5
s2,5p®, and 6 s2 shells. Forbidden electronic transitions according to the
Laporte selection rule facilitate long photoluminescence (PL) lifetimes
and low absorbance [6,7]. Lanthanide spectra display sharp peaks,
mostly independent of the surrounding enviroment, differing notably
from broad fluorescence bands typical of organic fluorophores.

For their use as luminophores, indirect excitation via organic chro-
mophores enhances lanthanide emission efficiency through the *antenna
effect’ [8,9]. The donor state of the chromophore is usually a triplet
state; however, energy transfer may occur via other pathways, such as a
charge transfer state or a d-transition metal state [10]. One of the most
direct and effective methods for sensitizing lanthanide emission is
through the formation of soluble lanthanide complexes and cryptates,
wherein the antenna chromophore may be directly involved. Addition-
ally, various materials, including lanthanide-doped nanoparticles, met-
al-organic frameworks, and nanoclays offer promising avenues for
luminescence sensitization [4,11-14]. Notably, their long PL lifetimes
make these materials ideal for background-free imaging through time-
gated analysis [2,3,15].

Different organic ligands capable of coordinating with lanthanides
have been described, leading to the formation of antenna complexes in
various solvents [12,16-21]. In such cases, a critical step is the actual
complexation of the lanthanide ion, which typically exhibits slow ki-
netics, resulting in thermodinamically stable complexes formed after
several weeks of incubation [22]. However, for biological applications,
an ideally suited feature of luminescent species would be the rapid as-
sembly of complexes in water, avoiding intricate preliminary synthesis
steps. Few water-soluble lanthanide antennas have been reported, such
as pyridine-2,6-dicarboxylate and pyridine-tetrazolate complexes
[23,24], especially given that water deactivates lanthanide emission
through vibrational energy transfer [11,23,25,26].

Our recent work introduced a compound, 8-methoxy-2-oxo-1,2-
dihydrocyclopenta[de]quinoline-3-carboxylic acid, behaving as a lumi-
nescent sensor of biothiols in the study of human immune system cells
[27]. Interestingly, the precursor compound 1 (Fig. 1) was found to
coordinate and sensitize the emission of Tb(III) and Eu(IIl) in water
[27]. Modification of 1 with a phosphonic acid resulted in the dye PAnt
(Fig. 1), further enhancing complex stability with Tb(III) and Eu(III).
The rapid formation of complexes in aqueous solution and the inherent
exchagable nature of the dynamic equilibrium resulted in improved
performance in PL lifetime imaging microscopy (PLIM) [28].

Consequently, we conducted and describe herein an in-depth pho-
tophysical study of such complexes. In this study, we employed full
spectroscopic characterization and state-of-the-art time-dependent
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Fig. 1. Molecular structure of compounds 1 and PAnt (8-methoxy-2-oxo-
1,2,4,5-tetrahydrocyclopenta[de]quinoline-3-phosphonic acid).

density functional theory (TD-DFT) calculations to study the photo-
physical properties and lanthanide sensitization mechanisms of self-
assembled aqueous complexes of PAnt with Eu(Ill) and Tb(III); we
compare their performance levels with those of the corresponding
complexes formed with compound 1. Interestingly, our results reveal
that multiple pathways for lanthanide emission sensitization exist in
self-assembled complexes.

2. Materials and methods

General Methods. The synthesis of compounds 1 and PAnt was
performed as described elsewhere [28,29]. All reagents were of com-
mercial quality (molecular biology grade or HPLC grade). The solvents
were dried and purified using standard methods before use.

UV-visible absorption spectra were collected using a Lambda 650
UV-visible spectrophotometer (PerkinElmer, Waltham, MA, USA).
Steady-state fluorescence emission spectra were obtained using a Jasco
FP-8300 spectrofluorometer (Jasco, Tokyo, Japan) with an integration
time of 1 s/nm and excitation and emission slit widths of 2.5 nm. All
spectra were corrected for background fluorescence by subtracting a
blank scan of the solvent solution and spectrally corrected using certified
fluorescence standards. Spectrally corrected excitation and emission
spectra obtained at 77 K were collected using a Horiba Fluorolog
QuantaMaster 8000 (Horiba Scientific, Japan) equipped with double
monochromators and a cold finger cell holder for working under liquid
nitrogen. Fluorescence quantum yields (®f) of quinolin-2(1H)-one de-
rivatives 1 and PAnt were determined in H,O or CH3CN and calculated
using quinine sulfate dihydrate (in 0.1 M H2SO4) as a reference [30-32].
The concentrations of the sample and reference were set to ensure that
the absorbance was less than 0.1 at identical excitation wavelengths.
The following equation (1) was used to calculate the quantum yield:

_LeAn2
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where x and r denote the sample and standard, respectively, A is the
absorption at the excitation wavelength, I is the integrated fluorescence
intensity, and n is the refractive index of the solvent.

PL emission spectra and lifetime measurements of lanthanide com-
plexes were collected in a Varian Cary Eclipse Spectrofluorometer using
the following conditions: excitation wavelength 320 nm; emission
wavelength 545 nm for Tb(III) or 615 nm for Eu(Ill); excitation slit
width 20.0 nm; emission slit width 20.0 nm; total decay time 5.0 ms;
delay time 0.1 ms; gate time 0.2 ms; number of cycles 20; number of
flashes 50; and PMT detector voltage 600 V. FT-IR spectra were collected
on a Jasco FT/IR-460 Plus spectrometer equipped with an ATR module.

Computational methods. Full geometry optimizations of the S, Sy
and T; states of compounds 1 and PAnt were performed using the
Gaussian16 (revision A.03) suite of programs [33] at the CAM-B3LYP3/
6-31+G** [34] and ®B97xD/6-31+G** [35] levels of theory. The
vibrational modes were calculated for Sy, S;, and T; to verify that all
vibrational frequencies are real. The polarizable continuum model
(PCM) was used to implicitly describe the solvent as implemented in the
Gaussian package [36-38]. Vertical electronic transitions were
computed using TD-DFT calculations. The vertical electronic transitions
S1 — Sp in solution were calculated as the difference ESi(GS;) —
ESo(GS1), where ES;1(GS;) is the energy of the optimized S; state at its
equilibrium geometry (state-specific solvation approach) [39] and
ESo(GS;) is the calculated energy of the Sy state at the S; optimized state
geometry and with the static solvation from the excited state [40].

The molecular geometry of the 1:1 complexes was optimized at the
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CAM-B3LYP and ®B97xD levels of theory using the 6-31G** basis set for
H, C, N, O, and P atoms and cc-PVDZ-DK3 for Eu and Tb lanthanides. The
vibrational frequencies were also calculated to verify that all are real
and that the lanthanide complexes are true minima. The infrared spectra
calculated with CAM-B3LYP were scaled by 0.9631 [41].

3. Results and discussion
3.1. Photophysical properties of the antenna candidates

We conducted a photophysical study of compound PAnt and
compared its properties with those of the parent compound 1. The main
results are listed in Table 1, whereas the corresponding fluorescence
emission and absorption spectra are shown in the Supplementary Ma-
terials (SM, Figure S1). PAnt in water exhibited two absorption maxima
at 310 and 345 nm in the blue region of the visible spectrum, similar to
compound 1. The reported molar absorption coefficients were in the
same ranges as those of other lanthanide antennas reported previously
[11,25,26,42]. Given that the two bands were well discriminated, ac-
cording to the TD-DFT calculations, they were assigned to two possible
transitions from the singlet ground electronic state (Sp) to the electronic
state S; or Sp: Sg — Sy or Sg — So.

In contrast, a single fluorescence emission band was detected, in-
dependent of the excitation wavelength, confirming direct emission
from the first excited singlet state. The quantum yields obtained (using
Aex = 320 and 350 nm) for these compounds were larger in water than in
other solvents, such as acetonitrile; the yields were in the same range as
those reported for other quinolin-2(1H)-ones [26]. To assign the elec-
tronic transitions to the observed absorption and emission bands, DFT
and TD-DFT calculations were performed at the TD-CAM-B3LYP/
6-31+G** and TD-0B97xD/6-31+G** levels of theory for compounds 1
and PAnt in water solution. Two functionals were used to check the
consistency of the theoretical predictions. Similar results were obtained
using both functionals, so only those with TD-CAM-B3LYP will be dis-
cussed here while those with TD-w#B97xD are reported in the SM. Fig. 2
shows the experimental absorption spectrum of compounds 1 and PAnt
along with the theoretical oscillator strength of the vertical electronic
transitions (A% ,,) collected in Table 2. The weak bands observed
around 345 and 373 nm in compounds 1 and PAnt could be assigned to
the So — S; transition calculated at 318 and 309 nm, respectively, for
which a low oscillator strength was predicted (f ~ 0.06-0.07). The
stronger bands observed at 310 and 320 nm in 1 and PAnt, respectively,
could be assigned to the So — Sy transition calculated at 284 nm (1) and
276 nm (PAnt) in concordance with the higher oscillator strength pre-
dicted for them (f ~ 0.34-0.29). The Sy — S; transition involves HOMO
and LUMO molecular orbitals, and from HOMO-1 to LUMO in the case of
So — Sy, with large contributions of these molecular orbitals in both
cases (~90 %). For compound 1, three rotamers were found for the
carboxylic acid group, but they yielded very similar results (Tables 2 and
S1-S4 in the SM). The molecular orbitals and optimized structures of the
compounds are presented in Figures S2-S4.

Regarding the emission, the first excited state was optimized and the
S1 — Sp electronic transition was predicted at 503 nm (1) and 482 nm

Table 1
Photophysical properties of compounds 1 and PAnt.
Compd'?! Solvent At /nm g M hemX /nm oy 1
/M tem™?
1 CH3sCN 320, 375 4720 450 0.09
H,0 320, 373 5451 472 0.11
PAnt CH3CN 310, 350 9329 436 0.08
H,O 310, 345 8434 441 0.14

[l Measured in duplicate at a 167 pM concentration (1) and a 29 pM con-
centration (PAnt). ™™ At the short wavelength maximum. el Quantum yields
were calculated with reference to quinine sulfate (in 0.1 M H,S0,). [ From
reference [27].

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 323 (2024) 124926

A.
T T T ]
0.6 - @
o 1.0 O
2 5
© 0.4 =
2 S
o 05 ©
m ~e
8 0.2+ o
< 3
«Q
S
0.0 . . . . . 0.0 =
250 300 350 400
Wavelength /nm

B.
0.3 . . . . .A 0.8 o
——PANnt{ 2
g {0.6 =
c ] 2
© o
o 404 =
] a
3 .. 8
402 >
< S-S, @
1 =

0.0 . . . . . 0.0
250 300 350 400

Wavelength /nm

Fig. 2. Experimental absorption spectrum of compounds (A) 1 and (B) PAnt in
aqueous solution, along with the oscillator strength of the vertical electronic
transitions calculated in water solution at the TD-CAM-B3LYP/6-31+G** level
of theory. The theoretical energies were scaled by a factor of 0.9.

(PAnt), in good agreement with the experimental observations, with
differences of approximately 0.3 and 0.1 eV for compounds 1 and PAnt,
respectively, using TD-CAM-B3LYP (see Table S3 for TD-oB97xD/
6-31+G**). The continuous solvent model used was water because our
interest was in self-assembly in aqueous solutions. Nevertheless, given
that the antennas have protonable groups, we could not rule out the
possibility that specific solvent effects could notably influence the final
emission properties; thus, quantum chemical calculations including
explicit solvent molecules could be required for a better estimation of
the photophysical properties [43]. However, for the purpose of using
compounds 1 and PAnt as lanthanide antennas, the calculated geome-
tries and molecular orbitals without explicit solvent molecules provided
sufficient information as a starting point.

3.2. Self-assembled complexes for effective lanthanide sensitization

The energy ranges of the absorption and emission spectra of PAnt
made the compound suitable as a lanthanide ion antenna [6,25,42],
similar to compound 1 [27]. These molecules must form stable self-
assembled complexes to function as effective lanthanide antennas in
water; this would allow optimal energy transfer and emission sensiti-
zation. In previous studies, we performed screenings to assess the
sensitizing capabilities of 1 and PAnt toward different lanthanide ions
and found that notable lanthanide PL emission was exhibited for Eu(III)
and Tb(III) [27,28].

We then studied the stability and stoichiometry of the self-assembled
complexes by applying different titrations. Fig. 3A and 3B show repre-
sentative direct and inverse titrations of PAnt with Eu(III) (additional
spectra for other direct and inverse titrations are shown in the SM,
Figure S5 and S6). The formation of an effective self-assembled complex
between PAnt and Eu(IIl) ions was evidenced by the almost complete
quenching of the antenna emission at 445 nm due to energy transfer
(99.6 £ 0.1 % quenching efficiency with 2 equivalents of Eu(IIl) added)
and the appearance of the well-defined, narrow Eu(III) luminescence
emission bands, peaking at 616 nm; this band corresponded to the Dy —
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Table 2

Calculated photophysical properties of compounds 1 and PAnt. Maximum absorption (A]

calc

calc
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max
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) and emission wavelengths (),

max
em

) determined in aqueous solution.

Calculated lowest-energy transition wavelengths (A2 ., and ASS ) and oscillator strengths (f) for these transitions. "
Compd Mg /nm (eV) acale . /nm (eV) Transition f %Contribution Aex asale f
/nm (eV) /nm (eV)®
1 345 (3.59) 318 (3.90) So— S1 0.06 H-L (93) 441 (2.81) 503 (2.47) 0.10
310 (4.00) 284 (4.37) So— Sy 0.34 H-1 - L (90)
PAnt 373 (3.32) 309 (4.00) So— $1 0.07 H-L (93) 472 (2.63) 482 (2.57) 0.11
320 (3.87) 276 (4.50) So = So 0.29 H-1 - L (86)
lal Calculations were performed at the CAM-B3LYP/6-31+G** level of theory in water.
] The emission corresponds to the S; — S transition.
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Fig. 3. A) Representative emission spectra (Aex = 320 nm) of direct titration of PAnt (27 uM) with increasing concentration of Eu(III) (from 0 to 86.2 uM) in aqueous
solution. B) Representative emission spectra (hex = 320 nm) of the inverse titration of Eu(Ill) (54 pM) with increasing concentration of PAnt (from 0 to 243 pM) in
aqueous solution. The logarithmic scale in panels A) and B) was selected to visualize both the contribution of the antenna and the sensitized emission of the
lanthanide. C) I16/1445 ratios from direct titrations of PAnt at 54 pM (blue triangles) or 43 pM (red circles) with Eu(IIl). D) Ig;6/1445 ratios from inverse titrations of

Eu(Il) at 54 pM (blue triangles) or 43 pM (red circles) with PAnt.

7F, transition in Eu(III). For the titration curve analysis, we focused our
attention on the dual emission properties of the complexes, using the
intensity ratio of the antenna fluorescence emission and the lanthanide-
ion-sensitized PL emission as a normalized parameter to study the for-
mation of emissive complexes because this ratio simultaneously reflects
the efficiency of the antenna emission quenching, energy transfer,
lanthanide sensitization and subsequent PL emission. Fig. 3C and 3D
show the Ig16/1445 ratio in direct and inverse titrations, respectively. The
titrations with EuCl; at fixed concentrations of PAnt exhibited an in-
crease in the ratio with increasing subequimolar ion concentration up to
a 1:1 M ratio. There was a change in the growth slope, displaying a
marked increase to saturation at a 1.5:1 (Eu(IlI):PAnt) proportion.
Further addition of Eu(III) resulted in a decreased ratio. The inverse ti-
trations showed consistent results (Fig. 3D). As the concentration of
PAnt increased, the sensitized emission of Eu(Ill) increased up to an
approximately equivalent amount of PAnt. Further addition of PAnt
resulted in a marked decrease in the ratio. Interestingly, the data points
for the two types of titrations—direct and inverse—perfectly matched
each other (Figure S7) indicating that complete equilibrium was reached

while measuring. The above behavior was rationalized as follows: when
there is an excess of Eu(Ill), >99 % quenching of the compound PAnt
emission indicates effective coordination in water and energy transfer.
Entropy-controlled complexation must favor a 1:1 Eu(IIl):PAnt complex
in such situations. The stoichiometric excess of compound PAnt clearly
resulted in a lower Ig16/1445 ratio, indicating the presence of free antenna
molecules.

To gain more insights into the actual stoichiometry and quantify
association constants, we employed time-gated PL spectroscopy. This
method focuses solely on the long-lived, sensitized emission of Eu(III),
discarding the contribution from the antenna by applying a delayed
detection time gate (Fig. 4B and S8 in the SM). We directly fitted these
data to the general equations of 1:1 and 2:1 equilibrium binding models
using the Bindfit platform (Fig. 4A) [44,45,46]. The 1:1 stoichiometry is
characterized by the association constant, K;;. For the 2:1 stoichiom-
etry, different models can be considered: i) statistical —a purely statis-
tical model, in which the association constant for the second ligand
molecule K»; = K71/4 and the emission intensity is double that of the 1:1
complex; ii) non-cooperative —in which the relation between the
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Similar considerations can be made with 1. B) Time-gated PL emission spectra (Aex = 320 nm) for the titrations of PAnt (54 pM) with EuCls (from 0 to 243 pM). The
arrow indicates increasing concentrations of EuCls. C) Time-gated emission intensity at 616 nm from the titrations of different fixed concentrations of PAnt (54, 43,
and 27 pM) and increasing concentrations of EuCl; from 0 to 5 equivalents. Lines represent the fitting to a 2:1 non-cooperative interaction model.

association constants is maintained at Ko; = K71/4, but the emission of
the 2:1 complex is not necessarily doubled; iii) additive —a model with
possible cooperativity, so that Ko; # K11/4, but keeping the emission
intensity of the 2:1 complex as double that of the 1:1; and iv) full model
—considering interaction cooperativity (Ka; # K11/4) and free relation
between the emissions of the 1:1 and 2:1 complexes. To compare the
statistical probability of each model and decide the most probable
stoichiometry, we focused our attention on the Akaike’s information
criterion (AIC), recently introduced in the field of supramolecular
chemistry [47]. AIC values can be calculated as AIC=N log(SS/N) + 2 k,
where N represents the number of datapoints, SS denotes the sum of the
squared residuals, and k signifies the number of adjustable parameters.
The model with the lowest AIC value is considered the most likely.
Additionally, Akaike weight values, denoted as w;, were calculated as
the normalized measure of evidence to favor the most probable model
[47]. The global fits of the time-gated PL data (Fig. 4C) and the AIC
criterion demonstrated that the most probable model matching the
experimental data was the non-cooperative 2:1 stoichiometry (see SM
and Table S7 for details). The K71 value obtained from the global fits was
(4.0+£1.2) x 10* ML, corresponding to a dissociation constant of 25 +
8 pM. This model implies that the association constant for the 2:1
interaction was (9.9 + 3.2) x 10> M .. During these titrations, the 2:1
complexes appeared at low concentrations of Eu(IIl) added; however, an
excess of lanthanide ions favored 1:1 stoichiometry interactions due to
entropic considerations. The existence of (PAnt)s:Eu(Ill) complexes
peaked approximately at equimolar ratios of the ligand and the
lanthanide ion, and their occurrence was consistently lower than 20 %
(Figure S16). Notably, the emission decreased at high number of
equivalents of Eu(Ill) added, indicating that the (PAnt),:Eu(IIl) complex
is much more emissive than PAnt:Eu(III). This can be attributed to the
more efficient protection of the lanthanide ion in the 2:1 complex from
water molecules [48], but it could also be because the (PAnt),:Eu(III)
complex has two antennas next to the Eu(Ill) and the sensitization
process is more effective.

We followed a similar approach to investigate the interaction of
PAnt with Tb(III). We performed direct and inverse titrations with
TbCls, which were measured by steady-state fluorescence spectroscopy
and time-gated PL spectroscopy (Fig. 5 and S9-S12 in the SM). In this
case, the most probable model for the complex of PAnt with Tb(III) was

the statistical 2:1 (Table S7 and SM for further details). The K;; value
was (1.3 +0.3) x 10* M’l, which corresponds to a dissociation constant
of 77 + 20 pM. Interestingly, for the titrations at low concentrations of
PAnt (43 and 27 pM), the most significant model was the 1:1, due to the
low amount of 2:1 complex formed.

Although the study of the interactions between compound 1 and Tb
(I11) ions through direct and inverse titrations showed the formation of
self-assembled complexes in water, resulting in sensitized Tb(III) lumi-
nescence emission (Figures S13-S15), our experiments showed that Tb
(I11):1 complexes were more labile than those formed with PAnt; thus,
saturation was not reached in the direct titrations. The datasets of the
titrations of ligand 1 with Tb(III) only supported a model with stoichi-
ometry 1:1 and an association constant of (5.6 + 0.9) x 10° M’l, cor-
responding to a dissociation constant of 180 + 30 uM. The complex with
ligand 1 was less stable than that formed with PAnt, due to the better
complexation performance of the phosphonic acid group in PAnt.

We also measured the PL lifetime tpy, values for the studied com-
plexes of compounds 1 and PAnt with two equivalents of the lanthanide
ions. For PAnt, the tp, values of the complexes formed with Eu(IIl) and
Tb(III) were 0.307 + 0.007 ms and 0.117 + 0.003 ms, respectively [28].
The complex formed by 1 and Tb(III) exhibited a tpy, value of 0.126 +
0.007 ms. These tp, values were relatively low compared to other Eu(III)
and Tb(III) cryptates, which present lifetimes of approximately 1 ms
[25,48-50]. However, our complexes strikingly self-assembled in water,
but even under saturation conditions, there were several coordination
positions left uncovered at which vibration-driven quenching via
interaction with water molecules was feasible, resulting in reduced tpy,
values. Interestingly, the tp;, values in aqueous solution and in deuter-
ated water (D20) provide an estimation of the number of water mole-
cules in the coordination shell of the ion, due to the sensitivity of the
lifetime to vibronic coupling with O-H groups [51]. By performing ti-
trations at different H,0:D20 ratios and measuring tpy, the value of
tpr(D20) can be estimated by extrapolation. The number of water
molecules in the coordination shell can then be obtained as g = A-
(«:pL(Hzo)’1 - TPL(DZO)’l). Using this method, we obtained an average
value of 2.8 and 5.1 water molecules for PAnt:Eu(III) and PAnt:Tb(III),
respectively (see SM for details on the estimations). Given the larger
stability and higher-order species found for PAnt:Eu(IlI), these results
are consistent with the dynamic nature of the complexes formed. It is
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Fig. 5. A) Representative emission spectra (Aex = 320 nm) of direct titration of PAnt (27 uM) with increasing concentration of Tb(III) (from 0 to 86.2 uM) in aqueous
solution. B) Representative emission spectra (Aexy = 320 nm) of the inverse titration of Tb(III) (54 pM) with increasing concentration of PAnt (from 0 to 243 pM) in
aqueous solution. The logarithmic scale in panels A) and B) was selected to visualize both the contribution of the antenna and the sensitized emission of the
lanthanide. C) Is4s/1445 ratios from direct titrations of PAnt at 54 pM (blue triangles) or 43 pM (red circles) with Tb(III). D) Is4s/1445 ratios from inverse titrations of
Tb(III) at 54 pM (blue triangles) or 43 pM (red circles) with PAnt. E) Time-gated PL emission spectra (Aex = 320 nm) for the titrations of PAnt (43 pM) with TbCl3
(from 0 to 215 pM). The arrow indicates increasing concentrations of TbCl;. F) Normalized time-gated PL intensity at 545 nm from the titrations of different fixed
concentrations of PAnt (54 pM, black; 43 pM, red; and 27 pM, blue symbols) and increasing concentrations of TbClz from O to 5 equivalents. Lines represent the

fitting to a 2:1 statistical interaction model.

important to note that these are average values and are concentration-
dependent, although they provide a valid insight into the nature of the
complexes. As mentioned above, these complexes show low tpy, values
compared to cryptates. However, the main advantage of our approach is
that the size of the antenna PAnt is much smaller than that of previously
described cryptates. Additionally, PAnt exhibits enhanced water solu-
bility, strikingly allowing for lanthanide emission sensitization in such a
polar solvent.

3.3. Lanthanide sensitization occurs via triplet and singlet states

Once we demonstrated the ability of PAnt to sensitize lanthanide
luminescence, we investigated the photophysics of the antenna effect
and rationalized our results through state-of-the-art TD-DFT calcula-
tions. We included in our study the complexes formed with parent
compound 1 for mechanistic comparisons. Energy transfer from the
antenna to the lanthanide ions usually occurs via a long-lived triplet

state, which provides a sufficient survival time of the excited state for
the transition to excited electronic states of the lanthanide ion to pro-
ceed [6]. Once the ligand is excited from the ground state Sy to the
excited state S; by energy absorption, it rapidly relaxes to the T; triplet
state via intersystem crossing; this process is usually facilitated by the
presence of heavy atoms [13], and then, energy may be transferred to
the lanthanide ion via either a Dexter or a Forster energy transfer
mechanism [6].

As a usual guideline, the energy of the antenna triplet state should be
within a suitable 2500 cm ™ region with respect to the emitting levels of
the lanthanide ions—5D4 for Tb(III) or 5Do for Eu(Ill)-to avoid back
transfer to the triplet state, thereby enhancing the quantum yield of the
emissive complex [6,52,53]. TD-DFT and the CAM-B3LYP functional, in
particular, have been shown to be very efficient in determining elec-
tronic vertical transitions in similar chemical systems [54,55]. Hence,
we used our theoretical calculation results to verify this fact by
comparing the emitting level of the lanthanides and the T; level of the
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luminophores. Table S5 in the SM presents a list of the energy levels for
the S, S; and T; states of 1 and PAnt and the energy gaps with respect to
the emitting levels of Eu(III) and Tb(III). The calculated T; energy levels
of organic ligands 1 and PAnt were similar to those of other typical
n-conjugated systems, such as anthracene and pyrene [56]. The energy
gaps between the T; levels of the ligands A(T1-Sp) and the 5Dy level of Eu
(III) were 2380 cm ™ for 1 and 2490 cm ™! for PAnt, clearly following
the expected distribution; the triplet level energy lay approximately
2500 cm ™! above the lanthanide level energy, sufficient to avoid energy
back transfer from the lanthanide to the ligand [6]. In contrast, when the
triplet state was compared with the emitting level of Tb(III), 5Dy, it was
slightly lower, approximately 700-800 cm ! below the lanthanide level
(see Table S5). This phenomenon could result in very inefficient energy
transfer and sensitization of Tb(III) ions [56,57], although examples of
effective energy transfer with small energy gaps between the T state
and the lanthanide emitting level have been reported [6,58]. In such
cases, several other mechanisms have been proposed that lead to
lanthanide sensitization. The important role of the excited singlet state,
Si, as the donor state for the lanthanide emitting level was highlighted
[6,57,59], especially when the differences between the excited singlet
and triplet states, A(S;-T;), were greater than 5000 em! [59], as was
the case for both compounds (A(S;-T;) = 8040 ecm ! for 1 and 9090
em ! for PAnt; see Table S5). Therefore, while energy transfer to Eu(III)
could conventionally occur via the long-lived triplet state, sensitization
of Tb(III) could proceed via a more interesting singlet-state-mediated
mechanism (Fig. 6A). The A(S;-T;) energy gaps were experimentally
obtained using GA(III) as the lanthanide ion for complex formation. The
excitation—emission spectra were collected at a low temperature of 77 K
(see Figures S17 and Table S8). These conditions ensure emission from
triple states [53]. The obtained A(S;-T;) energy gaps were 8016 and
8815 cm ™! for 1 and PAnt, respectively, in perfect agreement with TD-
DFT results from CAM-B3LYP/6-314+G**. We also performed the cal-
culations using TD-wB97xD/6-31+G**, however larger differences
were obtained, predicting values of 8199 and 8469 cm ™! for 1 and PAnt,
respectively (see Table S6).

To obtain further insights into the photosensitization mechanisms for
Eu(II) and Tb(III), the molecular geometry of the most prominent 1:1
complexes is optimized in water at the CAM-B3LYP/6-31G**/cc-PVDZ-
DK3 level of theory (see Figs. 6 and S18). The use of DFT functionals
with high amounts of Hartree-Fock (HF) exchange is recommended for
studying the orbital transitions of antennas for organo-lanthanide
complexes [60]. The percentage of HF exchange in CAMB3LYP was
19 % in the short range, whereas it was 65 % in the long range and
orbital transitions. Interactions of antenna luminophores with the
lanthanide ions must occur through the carbonyl (in 1) and phosphonate
groups (in PAnt). We confirmed this hypothesis via Fourier transform
infrared (FTIR) spectroscopy by focusing on the disappearance of the
C=O0 stretching band at approximately 1750 cm ! upon coordination
[13,61] and the effects on the phosphonic vibration bands between 1000
and 1300 cm ! [62]. In addition, we correlated the experimental and
calculated vibrational spectra (see SM and Figure S19-522), which were
obtained with specific improved DFT methods for computing vibrations
in organometallic complexes [41].

Representing frontier molecular orbitals is a fundamental technique
for understanding electron density localization and the nature of orbital
transitions upon photoexcitation when a ligand-lanthanide complex
forms. Fig. 6C shows the HOMO and LUMO computed at the ground
state at the CAM-B3LYP/6-31+G** level of theory, which are involved
in the main electronic transitions of Eu(III):PAnt and Tb(III):PAnt (see
Figure S23 in the SM for molecular orbitals from HOMO-1 up to
LUMO+1 and those of Tb(Il[):1). Importantly, for Tb(IIl):PAnt, the
HOMO was localized over the ligand, whereas the LUMO was localized
over the lanthanide, indicating clear charge separation. Thus, the LUMO
exhibited ligand-to-metal charge transfer (LMCT) features. This sepa-
ration of the wavefunctions could promote the transfer of excited elec-
trons of the ligand from the HOMO to the LUMO located over the
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Fig. 6. A) Schematic representation of the energy levels of ligand compounds 1
and PAnt, calculated at the CAM-B3LYP/6-31+G** level of theory, in addition
to the corresponding processes for sensitizing Eu(III) (right) through inter-
system crossing (ISC) to the first triplet state, T;, and subsequent energy
transfer (ET) and for sensitizing Tb(III) (left) through LMCT via the singlet state,
S;. B) Selected geometrical parameters calculated for the ground state of
compounds Tb(III):PAnt and Eu(Ill):PAnt in water. C) Frontier molecular or-
bitals in water calculated for the ground state. Calculations were performed at
the CAM-B3LYP/6-31G**/cc-PVDZ-DK3 level of theory (0.02 a.u. iso-
contour plots).

lanthanide through a Dexter energy transfer mechanism via an LMCT
state [63]. This mechanism is a nonradiative mechanism of energy
transfer from an electron donor (ligand) to an acceptor (lanthanide),
which favors the efficiency of the antenna. However, that charge sepa-
ration between HOMO and LUMO in Tb(III):PAnt does not appear as
pronounced using ®B97xD/6-31+G** (see Figure 524). In contrast, for
the Eu(IlI):PAnt complex, there was an inversion of the molecular or-
bitals, and the LUMO exhibited ligand-localized charge (Fig. 6C); how-
ever, the LMCT state appeared at the LUMO+1 level (Figure S23). This
finding supports the idea that charge transfer to the metal ion was not a
requirement for Eu(Ill) sensitization, to the detriment of the Dexter
energy transfer mechanism; thus, this sensitization could occur through
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intersystem crossing to the antenna triplet state. In addition, the sepa-
ration of the electron density was less pronounced in the case of the Tb
(IID:1 complex (Figure S23), resulting in a lower efficiency of Tb(III)
sensitization, as observed experimentally.

4. Conclusion

The in water self-assembled complexes of compound PAnt with both
Eu(IIl) and Tb(III) have been suggested to be an important advance in
PLIM imaging. In PLIM microscopy, the photostability of the dyes is an
important hampering issue because very long lifetimes involve long
acquisition times and thus long irradiation times. In contrast to other
imaging lanthanide cryptates, the dynamic nature of the self-assembled
complexes Eu(Ill):PAnt and Tb(II):PAnt intrinsically resulted in an
exchangeable behavior that improved cellular PLIM imaging, even with
the less efficient emission of the self-assembled complexes due to partial
water quenching and the equilibrium-driven distribution of species
[28].

The in-depth and comparative photophysical study of compounds 1
and PAnt showed that both efficiently form self-assembled complexes in
water with Eu(IIl) and Tb(III), acting as antennas for the PL emissions of
these cations. The complexes of antenna PAnt were almost one order of
magnitude more stable than those of 1, due to the better complexation
performance of the phosphonic acid group of PAnt than that of the
carboxylic acid of 1. The binding isotherms revealed that the complexes
formed with PAnt and Eu(IlI) or Tb(III) have a 2:1 stoichiometry.
However, at working concentrations, the 1:1 complex becomes pre-
dominant. The experimental study was thoroughly complemented with
computational data of compound PAnt and complexes Eu(III):PAnt and
Tb(IlI):PAnt. Strikingly, such state-of-the-art TD-DFT calculations
allowed us to conclude that whereas Eu(IlI) was sensitized through
conventional triplet-state-fostered energy transfer, Tb(III) sensitization
likely proceeded via LMCT from the excited singlet state. The new
concept of exchangeable, self-assembled complexation in lanthanide
luminescent agents for cellular imaging represents a completely
different concept than established designs [2,3,8,25]. Likewise, this type
of complexes are also relevant to other technological applications, such
as obtaining water- or gel-based white-light emitters for novel emissive
materials [28].
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