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Abstract: Responsive lanthanide(lll) complexes—europium(lll) complexes in particular—has been the focus of
studies for several decades. The response, in the form of changes of photophysical and electronic properties of
the lanthanide(lll) ion, arises through supramolecular interactions between a guest or analyte molecule, and the
lanthanide(lll) complex which acts as host. While responsive lanthanide complexes have been reported and
investigated frequently, the supramolecular aspects and linear free-energy relationship have had less attention.
Here, we are revising five europium(lll) complexes and investigating their binding to nine different guests, all with
a primary interaction between europium(lll) ion and a bidentate carboxylate anion. The media effect was
investigated, and by eliminating the impact of hydrophobic effects, we can show that selectivity in these host-guest
systems can be tuned by the secondary lipophilic interactions.

Introduction

Lanthanide luminescence has the unique photophysical combination of a millisecond luminescence lifetime and a
high photoluminescence quantum vyield." This gives rise to unique applications in bioassay and bioimaging.?-'"
Furthermore the luminescence lifetime depends on quenching by water,'?-'* and the spectral shape can be
changed by modulation of the ligand field.'>'® This can be—and has been—used extensively to create
lanthanide(lll) complexes with a response specific to an analyte.”20-2° The basis of the response is a lanthanide(lll)
centred interaction, which we are not able to describe to an adequate degree. Here, we aim to lay the foundation
for linear free energy relationships for lanthanide(lll) centred interactions as we know them from supramolecular
chemistry.®0

We have previously worked on quantifying interactions in lanthanide based supramolecular chemistry,3'-36
where quantification required highly alkaline, non-aqueous media. In general, there is a significant focus on media
and salt effects in supramolecular chemistry,3-4 and in this work we seek an aqueous solvent system that allow
us to mitigate the effects of salinity, pH and any non-specific hydrophobic interactions of guest and host molecules.
Our starting point is a recent paper by our group, where luminescent response to bicarbonate of the europium(lil)
complex of 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A) was thoroughly studied in various aqueous
media.*! Competition with other oxyanions of interest, such as monohydrogenophosphate, L-lactate and citrate,
showed that, at relevant biological concentrations, the optical response was not influenced by these species despite
a stronger binding to the europium(lll) centre. Changes in concentrations of these anions cannot be selectively
reported by Eu.DO3A, yet this is an excellent starting point for a supramolecular analysis of these binding events.
In particular, as there exists a large literature on the synthesis of various derivatives of lanthanides azamacrocyclic
complexes that bind to oxyanions.2327.32.42-51

The mechanism of binding between a lanthanide(lll) host and an oxyanion guest is most readily described in
the scenario where the host is neutral and ion pairing effects can be ignored. Figure 1 shows this case, the equilibria
involved, and the potential competitive binding events that change as a function of pH and media composition.
Figure 1 includes two scenarios: a europium(lll) complex formed from a 7-dentate ligand that create ternary



complexes with bidentate anions following water displacement.2-2345 And an example of an europium(lll) complex
formed from a 8-dentate ligand, where the lack of oxyanion binding can be exploited for pH and oxygen
sensing.23:52-54
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Figure 1. Mechanism of binding of a bidentate carboxylate (G = guest) to a 7-coordinated Eu(lll) centre (H = host) with
displacement of two water molecules (top). Absence of water displacement by the oxyanion (G) on a 8-coordinated Eu(lll)
complex (H) (bottom). R’ and R” represents the fourth pendant arm of the DO3A scaffold. Here, R” is illustrated as pH-
responsive.

Here, we wish to determine the effect of a change in structure of the binding pocket on the binding event. To do so
we must first discriminate between effects due to non-specific interactions or changes in media.5® In other words,
we must ensure that we are seeing a binding event. When this is established, we wish to probe the effect of the
lipophilicity of the fourth appended arm on the DO3A scaffold. A position that is readily available for functionalisation.
Chart 1 shows the host molecules we chose to work with alongside the oxyanion guest that were tested. We start
by validating the lack of binding in the europium(lll) complex with 8-dentate ligands, which also reports the error on
the experimental method we selected to use. That is the magnitude of changes that must be surpassed to claim a
lanthanide(lll) centred interaction. Then we move on to show that the effect of pH is negligible, after having
considered the effect of medium in general. After moving to a medium capable of dissolving guest, host, and the
ternary complex, we are able to show a direct effect of the nature of the appendant fourth arm on the guest binding
in these systems. In total we have worked with five different europium(lll) complexes and ten different oxyanion
guest molecules (Chart 1). The guest was chosen from three groups. 1) Biological buffers: carbonate,*142.56-60 gnd
phosphate.*76' 2) Catabolites: L-lactate, L-malate, and citrate.*862-64 And 3) model guests: acetate, propionate,
succinate, butyrate, and benzoate.
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Chart 1. Eu(lll) complexes (hosts) and various analytes (guests) discussed in this work.

Results and Discussion

Response upon binding at Eu(lll) centres.
The five europium(lIl) host complexes (Chart 1) were synthesized as previously described.® Three different types
of heptadentate 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A) complexes functionalised on the
fourth nitrogen with: nothing Eu.DO3A, a benzyl group Eu.DO3ABnN, and a terminal alkyne Eu.DO3APry, were
used; alongside with two 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra acetic acid (DOTA) monoamides
complexes: one with N-methyl group Eu.DOTAMeA and one with N-pentyl chain Eu.DOTAPeA. The longer carbon
chain was used to mimic the lipophilic effect of a spacer. Each host was considered as one molecular entity in this
work, despite the knowledge of the variety of forms present in solution. 565
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Chart 2.'81% Thus, our main tool for analysing the formation of ternary complexes is the change in luminescence
lifetime.

A
G=0,Alk.

e T,

Change in the crystal field Change in the crystal field

Change in emission intensity B Change in emission intensity @

(7] o]

Chart 2. Overview of the expected experimental changes in Eu(lll) luminescence upon introduction of an analyte in the
coordination sphere.
A: coordination of an a-hydroxycarboxylate; B: coordination of a carboxylate.
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To qualify these assumptions, ftitrations were performed with four of the analytes: bicarbonate,
monohydrogenophosphate, L-lactate and citrate. At each point, excitation and emission spectra and time-resolved
emission decay curves were recorded, see the S| Figures S1-8 for details. We noticed an instability in the response
(Figures S1-S2), which we attribute to instability of the stock solutions in HEPES buffer. It is clearly seen as a
significant decrease in total intensity. As example, over a 4h period the intensity of the hypersensitive AJ = 2
transition at ~615 nm decreases of about 30 a.u. following excitation at 395 nm between first point in the HCO3-
titration (recorded first) and the citrate titration (recorded last). Thus, selected titrations were performed again after
a three-week period. While the total intensity changes, overlays of lifetimes and intensity ratios AJ = 2 /AJ = 0
(ls16/ls80) isotherms from the two titrations of HCO3~ and HPO4% show no significant differences (Figure S9). While
changes clearly occur over both shorter (hours) and longer (weeks) timescales, it does not interfere the complex
ability to monitor changes in carbonate and phosphate concentrations using the ratiometric readouts.

The emission spectra of Eu.DO3A, Eu.DO3ABNn and Eu.DO3APry change in a similar pattern upon addition of
either one of the studied analytes (Figures S4, S5 and S6 respectively). Coordination of the analyte to the
europium(lll) centre generate a slight red-shift in spectra for all the transition bands due to minute changes in the
crystal field. The effect is greatest for the AJ = 1 transition at ~590 nm and AJ = 2 transition at ~615 nm. The
displacement of water leads to the increase in intensity of AJ = 1, AJ = 2 and AJ = 4 (at ~700 nm) transitions, as
pathways of non-radiative deactivation is removed.'>-'* However, it has to be noted that the monitored increase in
emission intensity for phosphate titration is at least 3 times smaller than for bicarbonate. The AJ = 0 transition at
580 nm, on the other hand, decrease as the crystal field change: most importantly for bicarbonate and phosphate
but discreetly for L-lactate and citrate. As expected,?® no variations in the spectra were observed for the titrations
performed with 8-coordinated Eu.DOTAMeA and Eu.DOTAPeA (Figures S7 and S8 respectively).

Throughout the following analysis, we only use the ratiometric responses. These are independent of the Eu(lll)
complex concentration, and the change in time described above. An intensity ratiometric isotherm can be plotted
by dividing the luminescence intensity of the hypersensitive AJ = 2 transition at 615 nm by the AJ = 0 transition at

580 nm (
Figure 3). Luminescence lifetimes isotherms are intrinsically ratiometric and display similar profiles, see Figure

S10. In HEPES buffer, lifetimes for Eu.DO3A ternary complexes formed with analytes range from 0.3 to 0.4 ms.
Lifetimes for ternary assemblies with Eu.DO3APry and Eu.DO3ABnN start at 0.4 ms and show more steep slopes
than their Eu.DO3A counterpart. While lifetimes of Eu.DOTAMeA and Eu.DOTAPeA remain constant at 0.6 ms.

Figure 3 shows that the presence of the coordinating amide function prevents monitoring of any of the four
bidentate analytes tested in this part of the study, despite the presence of a water molecule available to be displaced.
Those results are in accordance with previous experiments where [Eu.DOTA]- was tested as a possible bicarbonate
sensor.*! Repulsive electrostatic effects cannot alone to explain the lack of responsiveness towards oxy-anions,
as both Eu.DOTAMeA and Eu.DOTAPeA are neutrally charged. Rather, we—supported by vast literature
evidence—conclude that two available water molecules are necessary to form a ternary complexes between
bidentate oxy-anions and europium(lll) complexes.234566-70 |n addition, the absence of differences between
titrations performed with either the methylamide or the pentylamide complexes excludes that lipophilic effects alone
accounts an increase in europium emission. The events responsible for the optical response in the ratiometric
isotherms are therefore ascribed to a coordination event occurring at the europium(lll) centre.

If we turn to the response displayed in
Figure 3, it is evident that all four oxy-anions bind, and the response induced by addition of bicarbonate is the

strongest. Both bicarbonate andlmonohydrogenophosphate are bidentate and replace two water molecules by
forming a four-membered ring. The alpha-hydroxy acid are also bidentate, but are assumed to form five-membered
rings upon water displacement.4548

Contrasting the three europium(lll) complexes formed from 7-dentate ligands, the lipophilicity of the fourth arms
of the Eu.DO3ABN and Eu.DO3APry complexes leads to higher binding affinities for all four analytes. Considering
the slope of the isotherms in

Figure 3, the strongest binding event is observed between Eu.DO3ABn and Eu.DO3APry and L-lactate,

suggesting that tuning the ligand lipophilicity can help reach selectivity for this particular analyte.
We thus have a means of analysing the formation of ternary complexes and design hypothesis. As propargyl is
a fragile function, the hyphothesis was tested by comparing Eu.DO3ABnN to Eu.DO3A.
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Solubility issues.

It is well known in literature that media plays a major effect on the recognition event in a host-guest systems.3940 |t
can either be competitive or not, and no general conclusion should be drawnbased on data from a unique media.33-
35 We noted that europium(lll) complexes and analytes were not fully soluble in mixture of MeOH and water, and
that the ternary complexes were not fully soluble in pure buffer. Thus, we turned to a mixture of 10 % DMSO in
water where guests, hosts, and ternary complexes were soluble. Optical responses of Eu.DO3A and Eu.DO3ABnN
were compared with previous experiments. Emission spectra are recorded using the same parameters (Figures
S11, S13, S15 and S17). When comparing spectra before titrations in the different media (Figure S19), one can
observe that emission intensity of the hypersensitive band increases once going from HEPES to 10 % DMSO for
Eu.DO3ABnN but remains similar for Eu.DO3A. This is attributed to better solubility of Eu.DO3ABnN in the latter
media. Band behaviours for the AJ = 0, 1 and 2 transitions are plotted against analyte concentrations (Figures S12,
S14, S16 and S18). Binding events occur in DMSO-containing solutions for the four analytes: HCO3-, HPO4%, L-
lactate and citrate with both Eu.DO3A and Eu.DO3ABnN. Therefore, DMSO is not competing with the coordination
of those analytes at the Eu centre.
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Figure 2. A. Normalised emission spectra (Aex = 395nm) of the five Eu(lll) complexes in HEPES buffer, both alone (brown) or

with bicarbonate (66. 7 mM, blue).B. lllustration of expected changes from
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Chart 2 by plotting the band behaviours of AJ = 0, 1 and 2 transitions (grey, red and blue respectively) for L-malate, propionate
and carbonate titrations in 10%DMSO/H-0.
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Figure 3. Intensity ratios (615 nm / 580 nm) for the detection of bicarbonate, phosphate, L-lactate and citrate in 1 mM solution
of Eu.DO3A (m), Eu.DO3ABN (V¥), Eu.DO3APry (A), EuDOTAMeA (¢) and Eu.DOTAPeA (<) in HEPES buffer (100 mM, pH
7.4).

The ratiometric responses remain a good analytical tool in the mixed solvent system. Note that the solvent system
is not buffered, which we will consider in detail below.

In this solvent system we can be certain that a change in the ratiometric response of a europium(lll) complex is
due to a binding event and not induced by low solubility.

Screening of analytes.

Ten different guests were titrated into solutions containing the two host complexes, Eu.DO3A and Eu.DO3ABnN.
Experiments were performed with concentration of Eu(lll) complexes at 1 mM and with concentration of the
analytes up to 100 mM. Of the two ratiometric isotherms, the most straightforward analysis of the results are
obtained from the luminescence lifetimes isotherms. The first panel of Figure 4 show that the response recorded
from the Eu.DO3A complex give three groups of isotherms. The strongest response is recorded by the two
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Figure 2.B, see also Figures S25-27). On the other hand, the AJ = 2 transition, which is mainly modulated according
to solvent environment, clearly indicates that water molecules are being displaced. Strongly in the case of Eu.DO3A
but weaker for Eu.DO3ABN, where the assembly have more to do with association in the outer sphere rather than
clear binding.
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Figure 4. Luminescence lifetimes isotherms of Eu.DO3A (top) and Eu.DO3ABnN (bottom) in 10%DMSO/H20 upon coordination
of an analyte. Isotherms are normalised to have the same starting point for easier comparison (Starting point references:
bicarbonate titration for Eu.DO3A; citrate titration for Eu.DO3ABN). Non-corrected isotherms are available in the S| Figure S22.

When it comes to the carboxylates, it can be argued that they do not bind to Eu.DO3A in the concentration range
studied here. There is very limited change in luminescence lifetime and no change in the emission spectra. This is
in stark contrast to what is observed with the more lipophilic host system.

The second panel of Figure 4 show the luminescence lifetime isotherms for Eu.DO3ABN and the presence of
the lipophilic binding pocket has a clear influence. The band behaviours and emission spectra for the model guests
are available in the ESI (Figures S28-32), but the lifetimes isotherms are representative of the positive effect of the
lipophilic binding pocket created by the insertion of the benzyl group on the DO3A scaffold.

The L-lactate and L-malate now induces a very strong response along with bicarbonate and
monohydrogenophosphate. Citrate and propionate show a strong response, while acetate and succinate gives rise
to an intermediate response. And while all the carboxylates act as innocent anions—inducing no lifetimes
response—for Eu.DO3A, also butyrate and benzoate induces a response in Eu.DO3ABN. So all oxyanions
coordinate to Eu.DO3ABnN although the larger carboxylates do so without inducing a change in the crystal field.

The observations are summarised in Chart 3. By eliminating effects of poor solubility, we are able to see the
effect of adding a hydrophobic auxiliary on the selectivity of ternary complex formation. While we, in the simple
systems studied here, increase the binding of all guests and thus reduce the selectivity, these data opens an
avenue for host design based on lipophilic effects. We note that the selectivity of L-lactate over citrate is significantly
increased, which promises selectivity for smaller oxy-monoanions over the prevalent oxy-polyanions.
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Two words on pH

By scrutinising the emission spectra at stalﬁf an end—pomts of the titrations in 10 % DMSO, we could see that
Eu.DO3ABn is quite sensitive to ambient c§r é) dioxide absorption (Figure S20). As the start and end-points of
titrations also vary in pH, we had to docun%n hether pH has to be considered a main factor in the observed
response. To quantify the effect of pH, titratiopg with hydroxide anions were performed. The hydroxide anion was
treated as any other guest in this study. The highest recorded pH-in the stock solutions of ternary assemblies was
measured at roughly 10, which is equivalent to [@] =.0.1 mM. dhusy titrationsowere performed with Eu.DO3A and
Eu.DO3ABn starting from 0.1 mM hydroxide stock solutiaracdnigtise [S38)n@and pH was monitored simultaneously
(Figure S37). Results are displayed in

Figure 5, top panel. Cursory inspection of the isotherms shows a clear lack of response to the hydroxide anion.

To assess the limit where hydroxide dnlons -start’ mteractlnq with the Eu complexes, the pH was further increased
until observable changes could be monitored.'EusDO3A tolefates rougthOO 3 mM of NaOH before the hydroxide
anions induce lifetime and emission changes. Eud@3AB M@ sensitive as increase in lifetime is observed
starting at 0.05 mM of NaOH (

Figure 5, bottom panel; see also Figure S39).
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Figure 5. Emission lifetimes according to hydroxide concentrations.
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While pH is not a concern, the observation that solution of Eu.DO3ABN shows response to absorption of ambient
carbon dioxide should be taken into account. Thus, further studies should consider using a buffered DMSO
containing solution with a pH below the pKa of carbonic acid.

Conclusion

Media effects and non-specific interactions often hinder the ability to obtain a comprehensive overview of more
specific interactions in supramolecular chemistry. Here, by discriminating for these former effects, we were able to
investigate further the influence of structure on the binding event between a Eu(lll)-based host and an analyte
guest.

In the first part, focus was given to the outcomes of a change of the fourth arm on the DO3A scaffold. The
presence of a lipophilic arm, such as propargyl or benzyl, turned out to enhance the binding affinities of all analytes
tested, L-lactate in particular.

Thus, in the second part, investigations were performed in an appropriate medium to ensure solubility of all
parts of the ternary complexes to study the effect of lipophilicity in the formation of ternary complexes. A series of
ten analytes were titrated with the two hosts Eu.DO3A and Eu.DO3ABn in a 10 % DMSO/H20 solvent system.
The results clearly revealed that lipophilic effects, despite not being responsible for the detection event itself, play
a role in binding affinities and therefore on the possible tuning of the selectivity of responsive complexes for a
specific analyte.

Experimental Section

Synthesis.
Complexes shown on Chart 1 were synthesised as described in a recent paper by our group,'® and were adapted from already
reported procedures 857172

Spectroscopic studies.

Sample preparations and titrations were performed following similar methodologies described in previous work.3%*! Single
media stock solutions were prepared and used to prepare all other solutions to ensure uniform background composition. The
HEPES buffer solution was prepared at a concentration of 100 mM; the pH was controlled and adjusted to 7.40 with NaOH).
The 10 % DMSO/H20 solution was prepared using freshly-opened HPLC-grade DMSO. Water from a MilliQ purification system
was used (deionised with resistivity > 18.2 MQ-cm; microfiltered with total organic carbon (TOC) < 5 ppb). Solutions were
prepared in volumetric flasks or with volume displacement micropipettes, and compounds mass was determined to 2 significant
digit at the mg scale.

For each Eu(lll) complex studied, a stock solution of said complex was prepared at 1 mM in the appropriate media and used to
prepare the concentrated analytes solutions. This method ensure constant and uniform concentration of the emitting Eu(lll) host
during titrations. Each analyte solutions were prepared at a concentration of 200 mM using the sodium salt (mono-, di- or tri-)
of the targeted analyte. The use of the salt form is necessary to avoid potential absence of binding at the europium center due
to protonated carboxylate functions.

Titrations were performed directly in the cuvette (1.000 cm, 4 mL quarts fluorescence cuvettes from Starna) from an initial
volume of 2 mL of the Eu(lll) complex stock solution to a total volume of 3 mL. For each titration point, a fixed volume of the
concentrated analyte solution (prepared from the matching Eu(lll) complex stock solution) was added into the cuvette, then
emission spectrum and lifetime were measured. 20 points per titration were recorded, resulting to “in-cuvette” concentration of
analyte ranging from 0 to 66.7 mM.

Time resolved excitation and emission spectra, and time-resolved emission decay profiles were recorded using a Cary Eclipse
Fluorescence Spectrophotometer with the associated software from Agilent Technologies (Scan & Lifetimes applications;
Version 1.2). Excitation and emission spectra were recorded with the “Phosphorescence” data mode to accommodate the long-
lived luminescence of Europium. Total decay time was set at 5 ms, the delay time at 0.1 ms and the gate time at 0.3 ms. PMT
voltage was set at the maximum, i.e. 950 V, to recover enough intensity signal and compensate for the low concentration of
Eu(lll) complexes in the cuvette (1 mM). Excitation spectra are reported from 300 to 500 nm with the following parameters: Aem
=615 nm, excitation and emission slits set at 5 and 20 nm respectively. Emission spectra are reported from 570 to 720 nm with
the following parameters: Aex = 395 nm, excitation and emission slits set at 20 and 5 nm respectively. Scan rate was set at

10



333.33 nm/s, with automatic excitation and emission light filters. Lifetimes were recorded with a total decay time of 30.0 ms, Aex
=395 nm, Aem = 615 nm, and both excitation and emission slits were set at 20 nm.

Intensity ratios were calculated using the intensity values at 615 nm and 580 nm, which are the maximums of the AJ = 2 and
AJ =0 transitions respectively. Band behaviours were evaluated by adding together the intensity values across each band. As
the spectrum is slightly redshifted throughout the titrations, working with total intensities gives a more truthful representation of
the modulation of the transition bands. Lifetimes were calculated via Origin software, using an exponential decay fit:
y = A x e~*/t 4+ B, where tis the lifetime.

pH titrations.

100 mM and 0.1 mM NaOH solutions in Milli-Q water were used to titrate 2 mL of 1 mM Eu.DO3A or Eu.DO3ABn stock solutions
in 10 % DMSO/H20. The total added volume for these titrations did not exceed 20 pL in order to keep the dilution factor of the
emitting Eu(lll) complex non-significant.

pH titrations were performed in duplicate simultaneously; pH was measured on one set while spectroscopic data were recorded
on the other. pH measurements were performed with a SevenEasy pH-meter from Mettler Toledo, calibrated with InLab™ buffer
solutions (pH 7.00, 4.01 and 10.00) from the same brand.
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