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The chemosensing propies of a polyammine ligand containing acridine

chromophore have been investigated by means of s&misfluorescenc
spectroscopy, considering halide ions as substrdtbe complex fluorescence
emission is due to the acridinium species which farened after hotoinduced

proton transfer reactic

Abstract

The chemosensing properties tife polyaza-macrocycle 1(6,7)-acridine-3,6,9{&Raaz-tridecaphane have been
investigatedoy means of emission fluorescence spectros, considering halide ions asibstates. As in the case of
the free ligand, the fluorescence emission of thaplexes is due to the acridinium species wtare formed after
photoinduced proton transfer reacticThe complexation constants have been obtainedhéob- and tri-protonated
ligands in deoxygenateafjueous solutioniTwo different emission behaviourgve been observed varying the an
Fluoride and chloride give rise flmorescenceenhancement wherehsomide and iodide strongly quench 'emission.
The macrocycle shows an unushaher selectivity towards the chloride ar rather than fluorid. The fluorescence
emission has been modal considerin@ modified Sternfolmer equation, taking into account for the latgasions
guenching effectswhich can be consider negligible for fluoride and chloride anion&b initio calculations allow to
interpret the fluorescenamission of the comples in terms of activation energy relatedhe proton transfer reactic

responsible of the emission process.

Introduction

Recogition and sensing of anions have bec research areagf increased interest in the field of supramolec
chemistry® Anions play a major role in environmental and irtdas processes and, more importantly, in bioloh
metabolism where phosphat@rioonate and halide ions are the species mostengigufound. In particular, chloride
essential to human health and is transported acelsmembranes by various proteins, often in cocijion with catior
transportation, whildodide is involved inthyroid physiology’*® On the other hand, fluoride and bromide, tho

naturally occurring, may be environmental pollusartoth of them being toxic at high concentratievels'** Fluoride
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abatement is a current challenge in water treatrireseveral world aredé* Also, bromide is an undesired by-side
product of a number of industrial chemical proces5&xperimental methods devoted to halide detectiosmall
concentrations and in a real-time and non-destreigtiode are actively investigated with the purpofsemplementing
analytical techniques in biological and environraéstudies. Among them, fluorescence chemosensgargls as the
spectroscopic tool capable to signal the presehtieese anions in real matricei a change of emission propertgs.
Usually a fluorescent chemosensor for anion redmgnand sensing is structured following the “bimglisite signalling
subunit” protocol: the binding site is covalentigkled to the signalling unit through an approprigpacer so that the
host-guest interaction of the target species withldinding unit modulates the fluorescence of tgaadling unit. The
binding site is designed to achieve spatial optitiin of non-covalent interactions through topotadi
complementarity® The task is made difficult in the case of halidesaqueous media as anion solvation by water
molecules can strongly compete with binding theepgéar unit. At the same time, the spherical shdpg®alides requires
the use of hosts often containing clefts or casitieappropriate size to lodge the aniof$>*®

Polyamines have been often used to bind anionfydimg halides, in water. In fact, polyamines nollgnaccur as
polycharged cations in water solution, even at naéyiH, establishing strong charge-charge and tgafrabonding
interactions with the anionic species, which ar@megessary prerequisite for complex coordinatiomaisolvating
medium®? Although several examples of anion binding throegicapsulation within cavities or clefts of prottath
polyamine macrocycles have been repottef;?’ studies on metal-free fluorescent chemosensoveater are mostly
selective for the fluoride aniofi;*®and in any case none of polyammonium type.

Recently, we have reported on the synthesis ofptiigaza-macrocycle 1(6,7)-acridine-3,6,9,12-tetsailecaphane
(from now on denoted ds; see Fig. 1), which contains a tetraamine chaikelil to an acridine unit through ethylene
spacers? In principle, while the tetraamine chain, whentprmted, constitutes a potential binding site foioas, the
fluorescent acridine moiety may act as signalling.lA preliminary study on the acid-base propertsél revealed that
the binding and signalling units strongly interacthe lowest excited state and, as a result,resfea channel opens at
intermediate pH values, making possible the migrabf an acidic proton from an ammonium group aeljigdo the
fluorophore to the heteroaromatic nitrogém\n intense fluorescence centered around 450 nobssrved, which was
assigned to the acridinium-like fragment of the duid tri-protonated species bf(from now on indicated with L
and LH™1).*%* Its ability in sensing anions relies not only dre tstability of the host-guest adduct, but alsothmn
efficiency of the intramolecular proton transfesrfr the aliphatic polyamine chain to the acridiné.uVe can speculate
that an appropriate combination of these two factuld selectively enhance the sensing performéorca target
anion. To verify this hypothesis, the emissionpamies ofL in presence of halide anions have been studiedtsnd

results are herein reported.

Experimental

Deoxygenated water solutions lof whose synthesis has been described elsewWherse carefully prepared as follows.
The solution cells, placed inside a glove-box, warbbled with anhydrousJ\jas for= 15 minutes and then sealed with
rubber caps through which small amounts of anidutiem were injected by means of a syringe in abseof air® The
glove-box was kept under continuous ffow and equipped with a pH-meter. The anion sohg were prepared by
dissolving sodium halides in water with concentratas high as 2-T0M and gradually added to the ligand solution,
whose concentration, ds kept constant in a titration experiment (€ 2.5-1F M).*® Then, the fluorescence spectra
were measured as a function of the anion concéntrats. The total volume variation of the solution durithge anion

addition was estimated to be less than 5% of tit@lir2 cn solution volume. After allowing the solution to ofa
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equilibrium, fluorescence spectra were measureti @itPerkin-Elmer Spectrophotofluorimeter LS-55, aetl0 nm
bandwidth for both excitation and emission monoatator slits, exciting at 345 nm in correspondentéhe second
excited state of and using a 1% neutral density filter for signtiémauation. Before titration, the pH was adjusted t
about 5.7, where the concentrations ofsfHand LH* are comparable, whereas the species at the otb&mption
states are negligibf®.pH adjustement was realized by adding dropwisehametsulfonic acid and sodium hydroxide
solutions, and was found to be increased to abotitaé the end of titration. Due to difficulties edent to the
experiment, it was not possible to measure the fpét @ach anion addition. Routine absorption speofrthe same

solutions were recorded with a Cary 5 spectrophetem

Results

The fluorescence spectra of the ligand complexéls @i and Br are reported in Fig. 2. They show a single ang ver
broad unstructured band with maximun=at50 nm, which is attributed, like in the free liglcase, to the acridinium-
like cromophoré? It is worth noting that the band intensity incremsipon Claddition, whereas it decreases upon Br
addition. The same opposite trend is observed updn addition. The comparison with the absorption s@e¢hot
shown), straightforwardly assigned to the acridinemophore, clearly indicates that the excitedestabton transfer,
proposed for the free ligarfd,also occurs in the case of thehalide complexes. The dependence of the fluorescen
intensities on g where S = F CI', Br and I, is shown in Fig. 3. The two points of major ir&lr deal with the total
fluorescence intensities:

a) the fluorescence intensity increases addingné CI; the trend is reversed with Band I as substrates.

b) a limiting value is observed upon™Gind F addition at G= 5C_ and G~ 12G_, respectively. On the contrary,
even in the presence of a large excess oBBd I anions, the fluorescence intensity does not reasdturation
value.

The changes in the fluorescence spectrum accotditige anion concentration allow to evaluate tlabity constant of
the complex. The treatment of 1:1 complexes has béeszussed in Ref. 43. This is not however ouecamcel can
bind up to four protons in the pH range 2 — 11 awda result, the fluorescence may in principlgioate from the free
ligand undergoing four protonation steps and th®eiated complexes. As observed in potentiometgasurement?,
in the pH range 4.5 — 8.0, th&l2* andLH3* species are largely dominant and nearly equimatiggH~ 5.7. In these
experimental conditions it is therefore reasondbleeglect all the equilibria other than those giaihg toLH3* and
LH3* and their complexes with anions, i.e., SLéhd SLH*

_ [suuF][sLu3t]

2S™+LHZ"+LH3t=SLH; +SLHZ* 1
2 3 2 3 [512@H§+HLH§+] 1)
LHZT|[ut

LH3*= LHZ* + HY Ka=—[ [LZHlE] ] )

3

where equilibrium (1) is the result of two sepadagguilibria:

_ SLHJ
S™+LH3*= SLHF 2= [s[][ufg]q 3)

SLHZ*
S™+LH3*= SLH3* 3:[5[-][L—;33]+] (4)

with Ks = KoK3. As already noted, the pH increases whicheveatitied anion, reaching6.7 at the end of the titration.
This implies that K is greater than K as only in this case the acid-base equilibriumi¢2shifted toward the tri-

protonated species, thus decreasing.[H order to determine Kand K, the dependence of the fluorescence intensity
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on the concentrations of 3M, LH3*, SLHS andSLH3* has been reproduced through a fitting proceduhe. Model
employed in the fit is based on static quenchitiaccording to which the fluorescence intensity Ypieportional to

the concentrations of the fluorophores and carmbe Wwritten as
Y=a[LH3*|+b[LH3"|+c[SLHF ]+d[SLH3"] (5)

To fit the measured fluorescence intensities of Bigsing Eqg. (5), one needs to determine, in gafdib thea, b, c and

d parameters, the concentrations of the four fluboogs. This can be done employing further equatisssciated with
the chemical equilibria into play. Tha and b parameters have been determined by independeoteficence
measurements on the free ligandaas1.00610° M™, b= 1.07010" M. A detailed description of the fitting procedure
is reported in the Appendix. As shown there, theiner of fitting parameters can be limited to thresmelyc andd and
Ks Once K is known, K and K can be evaluated by solving chemical equatiorss@iven arbitrary €and using the
calculated concentrations into Eqgs. (3) and (4 Talues of the fitting parameters together wfttthe quality index for
fitting (see Appendix for definition), and the; kind K; constants of th6LH; and theSLH3* complexes are reported in
Table 1. For the Fand CI complexes the andd parameters are sufficiently accurate, as it islevi looking at the
percent errors (less than 4%) ang?ats a result, the calculated profiles of Fig. tfie experimental points remarkably

well. The large K indicates that both equilibria are strongly shiftoward complexation upon anion addition.

Furthermore, Kis one order of magnitude greater thaf ikdicating that the tri-protonated complexes m@e stable

than the bi-protonated ones. Finally, @sults a better target anion than fluoride, béfregcorresponding &more than

one order of magnitude greater than that of®n the contrary, the largé values relative to Brand I point to the fact
that Eq. (5) is unable to reproduce the fluoreseatependence ons@or these anions (see also Fig. 4). As a matter of
fact, theirc andd parameters are affected by large errors so tiegitguable to trust the derived &nd K; constants.

To improve the agreement with experimental datthécase of Brand I anions, it should be realized that the static
guenching model neglects fluorescence deactivapimtesses of growing importance when large quasti{il00
equivalents or more) of strong fluorescence quesctsich as Brand [, are added to the solution. The idea is that
additional mechanisms are switched on, which mayrimte to the fluorescence decrease much mone et is
accounted by Eq. (5). The first one is the so-datiellisional or dynamical quenching, generallyatésed by the Stern-
Volmer equatiorf?** which is based on a mechanism involving collisibesween excited fluorophore and quencher.
Moreover, with abundant quencher concentratiorcarsd deactivation channel may open, which has iated to the
sphere of action surrounding the fluorophore witluhiich the probability of immediate quenching istyA” Briefly, if a
fluorophore is excited when a quencher is inside gphere of action, the fluorophore becomes daoksidering the
high anion concentration reached during titratitne, above additional quenching mechanism couldebvant for the
bi- and tri-protonated free ligands and their Bnd I complexes. For this reason, it is convenient toenfoom Eq. (5)

to the modified Stern-Volmer equation that candmowered straightforwardly following the guidelirefsRef. 44:

y== —{a[LH3*]+b[LH3*+c[SLHF 1 +d[SLHE" |} ©

where the collisional and proximity quenching cdnitions are represented by the denominator andxpenential
term, respectively, both depending on][S'he parametera andf3 have been treated on the same bassaxld in

the fitting procedure, as explained in the Appendix principle,a and3 depend on the specific fluorophore; however,
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a reasonable simplification would be to assumeusialues for all the four specidsjs*, LH3*, SLH; andSLH3*.
For the F and CI complexes, adopting Eg. (6) does not alter subathnthe results of the static quenching modek(s
Fig. 4a, 4b and Fig. 5a, 5b), probably becausedtissional and proximity quenching mechanisms lmeamportant
only at higher anion concentrations. As a consecgiea large degree of indeterminationcoandf3 is obtained, and
thus for these anions we will keep the outcomethefstatic quenching model. On the contrary, foisnd that these
contributions are essential to obtain a good mhattveen experimental and fitted data for thedrd I complexes, as
we can infer comparing Fig. 4c, 4d and Fig. 5¢, Htk fitting parameters for these complexes gpented in Table II.
Due to the increased extension of the sphere @fraahd stronger spin-orbit coupling ofWith respect to Br a andf
are higher in the same order. Thg donstants of the Brand I complexes are three orders of magnitude smaléer th
K3; thus to a very good approximation, only the ndtpnated ligand is responsible of the complexatiith Br™ and T.
This is the reason why theparameters reported in Table |l results to be terdened. In conclusion, Tables | and Il
show that the Fand CI complexes have stability constantsd least six orders of magnitude larger than tluidbe
Br~ and I complexes. This fact and the occurrence of thiisaial and proximity quenching processes expfairly

good the absence of a saturation value for therla#ir.

Discussion

As reported in the previous Section, the dependesicéhe fluorescence intensities on halide addititiffers
considerably for the two pairs,/EI” on one side and Bt~ on the other. The property is discussed herelatioa to the
intramolecular proton transfer, which is resporesibf the fluorescence behaviour of the free ligaada function of
pH.3*** The process is assumed to occur in the excited ated to consist of the proton migration from siecalled
“chain-protonated” isomer (A) to the “acridine-ppaaited” isomer (B) (see Fig. 6 for a sketch of streictures). The
related activation energy can be calculated bycbéag for the transition state between the mininemergy structures
of the A and B isomers. Two transition states,tiadaeither to the Sor to the $electronic states, should be considered
for the A* — B* migration process, where the asterisks inditlad® the process occurs in an excited state.igjarom
the A and B minimum energy structures of the prated ligands; we have found the stable A and B geometries for al
the bi- and tri-protonated anion complexes checkarghe absence of normal modes with imaginargdencies. All
calculations were carried out with the Gaussianfify@ni® within the polarizable continuum model for watéby
using DFT and time-dependent DFT for ground andtedcstates, respectively, supplied with the B3-L&hange-
correlation functional and the 6-31++G(d,p) basis ©nly results on F CI" and Br are reported, since the employed
basis set is not implemented for The atomic Cartesian coordinates of the optimgeametries of the A and B isomers
and of the relative transition states are repontethe Supplementary Information (for the tri-pnadded complexes,
graphical views of the structures are also repdrfEke transition state between the A and B ison®lscated through
the Synchronous Transit-Guided Quasi-Newton méthad implemented in the Gaussian09 program. Authenti
transition states, i.e. saddle points on the gratateé energy surface, are recognized by the aaesrin the vibrational
calculation of only one normal mode with imagin&mgguency, that approximately corresponds to themdtion along
the line connecting the ammonium and the acridiregen atomsA schematic representation of our procedure isrgive
in Fig. 6,where the A— B path for the tri-protonated FEomplex is displayed. The, 8nergy level of the B isomer lies
8.9 kcal/mol above that of A isomer and the-AB activation energy amounts to 17.2 kcal/mol. Eréon states in the
ground state of the tri-protonated free ligand ahids CI' and Br complexes have activation energies of 10.6, 18d3 a

13.6 kcal/mol, respectively (see Table IIlI). Sinitee tri-protonated free ligand has the lowest atibn energy,

5



Physical Chemistry Chemical Physics Page 6 of 21

Pagina6 di 14

assuming these values to hold also for the-AB* process, a decrease of the fluorescence intewsiuld be expected
for all complexes with respect to the free ligaindapparent contrast with experiment. Although ggdrarrier heights in
the excited state are more difficult to evaluatejrtknowledge is required and here an attemgteaalculation is made
considering the vertical excitation energies. Fitst $ — S, and $ — S, energies are calculated by means of the time-
dependent DFT in the singly-excited configuratiomeraction scheme for a total of excited configoret ranging
betweerr 3.9-10 (free ligand) and: 4.2-18 (Br- complex) and promoting electrons from all occupiatence orbitals

to the whole set of virtual orbitals. To be moredfic, these energies refer to the* transitions of the aromatic
chromophore, acridine and acridinium-like ion. e = case, §— S, excitation energies are found at 74.2, 70.0, 59.8
kcal/mol from the minima of the A and B isomers drmin the saddle point of the transition statepeesively. The
corresponding &— S, data are 84.8, 72.0, 68.8 kcal/mol. For the sakelanity, these results are reported in Fig. 6.
Combining the excitation energies with the groutatescalculation, the 15, barrier heights are proposed to be the
difference between the vertical energies of thesiiteon state and of A*, equal to 13.0 and 4.4 kual for the Sand $
states, respectively, of the Eomplex. This assumption can be justified on theid of the following argument. In a
previousab initio study?® the two lowesttn* states of acridine were described mostly in tesh$iOMO, LUMO,
HOMO-1 and LUMO+1 orbitals, the;&A,) state involving the singly-excited HOMS LUMO configuration and the
S,(1B,) state the symmetric combination of the HOMO— LUMO and HOMO— LUMO+1 configurations. It was
further noted the close similarity between thessest and the lowestr* states of the acridinium ioH. We have
replicated the calculation for acridine and for #feeidinium ion and extended to the bi- and tritprated free ligand, to
the respective halide complexes (in the A and Bn&rand to the transition states, thus establisttiegcorrelation
between the lowest excited states of our systemighanse of the isolated cromophores. The true atidin energy in the
excited state is the difference between the exsitetd saddle point and the A* minimum, which maychlculated if the
relaxation energies from vertical excitations, fingt to the excited saddle point and the seconithéoA* minimum, are
known. It is our assumption that the relaxationrgi@s, though in principle different, are substalhti similar each to
the other. As a test of our hypothesis, theaBd $ minima of acridine/acridinium ion have been lodatand the
relaxation energies have been found to be 6.9/&8rkol for § and 4.4/2.8 kcal/mol for,Si.e., values which are for
each pair considerably close. Extrapolating tarids and complexes, the relaxation energies afdnsition states are
expected to be equal to those of A within at mostktal/mol for $ and 1.6 kcal/mol for S The results of Fig. 6 are
estimates along this line of reasoning for thedmplexes in the;Sand $ states. All the activation energies of the other
complexes and of the bi- and tri-protonated figard have been calculated and reported in Tabl# 8hould be noted
from the Table that i) the activation energiestef tomplexes are greater than that of the protdrimtends except for
S, of LH3* and ii) among these, the lowest value is foundtierCl complex.

In principle, the overall process starting from thexcitation and terminating with the B fluorescercan be described
by a two-way scheme, where the proton transferb@aaccomplished in the, &nd/or in the Sexcited state. Since the
reduction of the activation energy is a necessandition to observe fluorescence increase uponnaadlition, it is
plausible to hypothesize that after excitation i tBe F and CI tri-protonated complexes undergo proton transfer
preferentially in this state, where their energyrieas are lower than that of the free tri-prot@thtigand. The same
argument would predict a fluorescence increase afgm Br addition. In this case, however, it should beHert
considered that the stability constantdf the tri-protonated Brcomplex is at least six orders of magnitude lothan
those of the Fand CI complexes (see Table Il). Therefore, at low ardoncentrations, where only static quenching

mechanism related to spin-orbit coupling in the ptax is relevant, the contribution to fluorescemdethe few Br

6



Page 7 of 21 Physical Chemistry Chemical Physics

Paginar di 14

complexes is negligible, while at higher concemdrathe dynamical and proximity quenching domindtieus, for both
concentration regimes the activation energy playmiaor role in determining the fluorescence dependeon
concentration. The same considerations reasongaply also to thelcase.

Finally, it is of interest to note that accorditg the present data both bi- and tri-protonatectisgeof L exhibit
selectivity for chloride over fluoride. This reswdppears somewhat unusual, since most synthetépt@s show an
opposite behavior, e.g., selectivity for fluorideeo chloride®®>® Selective binding of fluoride is generally attribd to
the ability of the smaller Fanion to form stronger hydrogen bonds, with aseguent enthalpic stabilization of the
complex, and/or to the higher solvation of thiscaniwhich can leads to a marked entropic gain ummmplexatior-?
However, other factors can contribute to the stzddibn of the complexes with anionic species. iRstance, comparing
the structures of the tri-protonated Bnd CI complexes withL, which are shown in Fig. 7,  Fappears almost
encapsulated within the macrocycle framework, whileis located above the macrocycle cavity. The bigdirode of
fluoride leads to the formation of stronger hydnodnding interactions, but also to a marked stiffg of the receptor
structure, which may result in an overall lowerthedynamic stability of the complex with respecttiat with chloride.
These structural observations can also be usedttéon@ an explanation of the more marked enhanceroén
fluorescence emission of the receptor upon childnidding. The proton transfer process can be lda#yi less favored
by the formation of strong hydrogen bonding intéiats between the anion and the ammonium groupiseofeceptor,
as actually observed in the case of the fluorideplex. Therefore, a higher activation energy ofaReited state proton
transfer process is expected for the fluoride cemplith respect to chloride (see Table ).

Examples of fluorogenic receptors able to selebtigense chloride, and overall fluoride in pure avabr in water
containing mixtures are knowrt: *>**The use of mixed solvents and/or the formationasfiplexes with anion-receptor
stoichiometry different from 1:1, strongly limiteéhpossibility to make a reliable comparison witk #tability of our
complexes. However, a pyreneboronic acid-based ekensor for fluoride in water with an unprecederigth binding
constant for fluoride has been recently reportetihe constant for the formation of the 1:1 compleas evaluated
higher than 1%) that is lower than those found for the protonaseecies ofL. This confirms that polyammonium
macrocycles undoubtedly represent a promising ehgdl to develop receptors able to strongly bindsemse fluoride

in water.

Conclusions

The fluorescence properties of halide complexds béve been studied as a function of halide conatofrs in the pH
region around 6 where the bi- and tri-protonatigghrds are the most abundant species. As forddifjand, the anion
complex emission has been ascribed to the acridimiety that is formed following an intramolecufaoton transfer
in the excited states. Two different behavioursehbgen observed upon anion addition, i.e., fluengssicrement for
the F/CI™ pair and quenching for the B pair. The fluorescence data have been discussdtieobasis of a static
guenching model implemented by considering dynaih@od proximity effects for the heavier Br pair. The model
has allowed to estimate the stability constantghefhi- and tri-protonated complexes resorting fidtiag procedure of
the fluorescence data. Fluoride and chloride fohm inore stable complexes; in all four cases thprdienated
complexes are weaker than the corresponding ttepeded. The increasing fluorescence emission upoand CI
addition has been explained considering how theilatipn of the fluorescent state is affected byghesence of anions.
The excitation of the complex in the State activates a proton transfer process whoseyemarrier is varied by the
anion complexation. The reduction of the activatemergy is the driving condition for observing tfheorescence

increaseAb initio calculations of activation energies have beengperd and the results show that such a lowering is
7
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obtained in the Sstate of the tri-protonated forms. The most prowed effect is predicted for the "Glnion. At
variance, the fluorescence of the Brcomplexes is dominated by the dynamical and pribxiquenching mechanisms.
The anion selectivity decreases in the ordér E| Br/l™.

In conclusion, the ability of in sensing anions depends not only on the stalafithe complex itself, but also on the
kinetic barrier for the intramolecular proton trarsfrom the protonated polyamine chain to thediog unit. From this
point of view, encapsulation of the anion withire treceptor cavity, as observed in the case ofilepiinduces the

formation of strong aniodtH; hydrogen bonds, which can partially inhibit theton transfer to the acridine nitrogen.

Supplementary Information
Graphical views of the tri-protonated complex stuves.

Atomic Cartesian coordinates of the optimized getoies of both A and B isomers and relative traositstates of bi-

and tri-protonated - CI" and Br complexes.
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acridinium cromophore, larger than the diffusiomirolled oxygen-quenching time constang0 ns*?
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Table I. Fitting parameters, d and logk;, obtained by using Eq. (5) for thé,El, Br and I complexes (see Fig. 4

for graphical outcomes). Derived stability conssaildgk; and logks, are also given. The uncertainties are estimaged a
described in the Appendix.

b

2The value in parenthesis represents an upperflimthat parameter.
und” stands for “undetermined” (see Appendix).

F cr Br~ I”
logK s 9.6+ 0.2 11.2+ 0.3 4.9£05 5.0+ 0.8
logK » 4.1+0.1 5.0£0.2 1.9+ 0.5 1.8 (< 2.1§
logK 5 5.5+ 0.1 6.2£0.1 3.0£0.2 3.2¢0.3
c/10(M™") | 2.51+0.09 1.42 0.06 und’ und

d /10 (MY | 1.14+0.03 1.46¢ 0.02 0.16 17 0.06¢ 21
¥ 19.0 8.6 420 863

Table Il. Fitting parameters, dand logk, obtained by using Eq. (6) for the'Band I complexes (see Fig. 5¢ and 5d

for graphical outcomes). Derived stability conssaitgk; and logks, are also given. The uncertainties are estimaged a
described in the Appendix.

b

2The value in parenthesis represents an upperflimihat parameter.
und” stands for “undetermined” (see Appendix).

Br~ I~
logK ¢ 2.6 (< 3.8} 2.9(<3.7)
logK > -0.2 (< 0.98) -0.06 (< 0.73
logK 5 2.78+0.01 2.96+ 0.02
c(M? und und
d/10 (M? 1.39+ 0.02 2.50+ 0.04
B (MY 214+ 5 609+ 12
a(M™) 29+3 41+5
X2 0.83 1.37

Table Ill. Transition state activation energies (kcal/moljhef excited state proton transfer process cakffatr the

bi- and tri-protonated forms of the free ligand atieir complexes with halides.

L LF LCI LBr
10.6 17.2 13.3 13.6
7.1 13.0 9.6 8.7
10.1 4.4 1.7 3.0
7.9 17.1 125 12.9
2.0 4.4 1.3 2.7
-1.2 9.2 4.9 2.3
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Captions to the Figures

Figure 1 —Structural formula of 1-(6,7)-acridine-3,6,9,12#&aza-tridecaphané ).

Figure 2 —Fluorescence emission spectra.ofomplexes with Cl(upper panel) and Bflower panel) as a function of
added anion equivalents. Same colours in the twelpaefer to the same order of anion addition. dtews indicate

that the fluorescence intensity increases/decragsas chloride/bromide addition.

Figure 3 —Fluorescence intensity dependence on the anioreatration measured for the complexes with F; open
circles, and Cj stars, (upper panel) and Bopen circles, and | stars, (lower panel). Intensities are normalingith

respect to those of the free ligand.

Figure 4 —Fitting curves calculated by using Eg. (5). Fluerimbmplex (panel a), chloride complex (panel byntide

complex (panel c), iodide complex (panel d). IsiBes Y are normalized with respect to those efftke ligand ¥.

Figure 5 — Fitting curves calculated by using the Eq. (6).ofide complex (panel a), chloride complex (panel b)
bromide complex (panel c¢), iodide complex (panelldtensities Y are normalized with respect tosthaf the free
ligand Y,.

Figure 6 —A — B reaction path for the tri-protonated dgomplex. Black line & blue line $, red line $. Dashed arrows
represent activation energies (see Table Ill) esged in kcal/mol. Solid arrows represent-SS, excitation and S—
S fluorescence emission as in the experiment. Atbibitbom a simplified scheme of A and B structuresketched.

Coloured lines are guides for eyes.

Figure 7 —Calculated ground state structures of the tri-prated A-type. complexes with F(panel a) and Cl(panel

b); left: top view, right: side view. Hydrogen bodistances (A) between anions and adjacent H atmenshown.
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Appendix
For a diluted solution of a fluorophore in the sdled static quenching regime, i.e., assuming t@tisional
contributions to quenching are negligible, the fagzence intensity, Y, can be shown to be propmatido the
concentration of the fluorophof&?** In the presence of several fluorophores, the @iscence intensity of the solution
can be approximated as the sum of single fluoraphontributions. In our case, Eq. (5), that we repere for the sake
of convenience, can be used

Y=a[LH3*|+b|[LH3"]|+c[SLH] ]+d[SLH5"] (A1)
As stated in the Results section, upon considetiegworking pH range of 5.7 — 6.7, the contribusiado Y of the
species with protonation states different from @ 8rcan be neglected and therefore they do notaapp® Eg. (Al).
In spite of this strong simplification of the prebh, the system still remains rather complicatedfoas different
fluorophores are, in principle, simultaneously prasin solution. In order to further simplify theedtment, we have
recovered thea and b parameters resorting to independent fluoresceneasatements as follows. Let, Ye the
fluorescence intensity of the solution containingyoanalytic concentrations, C Cy.on and G, of ligand, sodium
hydroxide and methanesulfonic acid, respectiveher, according to Eq. (Al),;Xan be expressed as

Yo=a[LH3*] +b[LH3*] (A2)
where the subscript 0 indicates the concentratwittsout anion additions. Once CCya.on and G, are known along
with the equilibrium constant K(Eq. (2)), determining LB and LH* is straightforward. Such an information
together with the experimental measure gf allows to establish a relation betweeeandb, via Eq. A2. Moreover, the
ratio a/b can be obtained from two independent measurenoérite fluorescence intensities of the specie$*LENd
LH3*, say Ys(LH3%) and Yo(LH3*). Such measurements have been realized at the Bgame concentration
C.=2.5-10° M, while tuning the pH at a value for which thencentration of one species is, in turn, maximum, and
simultaneously, the concentrations of the otheciggeare negligible (see the potentiometric measents in Ref. 38).
The maximum concentrations of EHand LH* occur at pH 4.5 and 8, respectively. Thus, exinigiEq. (A1), we
obtain the relations YLH3*) ~a C_ and Yy(LH3*) = b C_, which allow to find the ratio as
alb= Yo(LH3%) Yo(LH3*) ~ 0.94 (A3)
From Egs. (A2) and (A3), we can therefore calcuthtevalues of both andb, that will be taken as fixed parameters
during the fita~ 1.006-10M™, b~ 1.070-16 M™.
Upon fixinga andb, the remaining unknowns in Eq. (A1) ared, [LHZ*], [LH3"], [SLHZ] and BLHZ*]. While c and
d are taken as fitting parameters, the concentratioe determined by solving a system of five (cleaipiequations,

namely Egs. 1 and 2 and the following ones:

Cs=[S"]+[SLH7 ]+[SLH5"] (A4)
Co=[LH3*]+[LH3*]+[SLH]+[SLH3"] (A5)
2[LHZ"]+3[LH3*]+[SLHF ]+2[SLH3 |+ [H*]+[Na*]=[S"]+[OH ]+[CH;3S03] (AB)

In Eq. (A6),[Na'] corresponds to the sum of the analytic concentratof sodium halide (namelys)C and sodium
hydroxide,[CH;S03] to the analytic concentration of methanesulfowmid éthe last two, used to tune the initial pH) and
[OH]=K/[H"]. Note that, as in Eq. (1) the constanti&unknown, we take it as a fitting parameter.sTibads to five
equations with six unknown variables: [EH, [LH3*], [SLH3], [SLH3*], [S] and [H]. Assuming the pH values as
further fitting parameters would be unfeasible,chese it would lead to many additional parametens, for each gat
which Y has been measured. The fit would clearlyllemnditioned. To tackle this difficulty, we havadopted the self-

consistent procedure detailed below.
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1) The [H] dependence ons first guessed as linear between the initial tamal values of @, both pH being
experimentally known.

2) Once the pH is established for ali & stated at point (1), we can solve the systelysf 1, 2, A4, A5 and A6
for each G, to eventually find the concentrations of the ffluorophores needed into Eq. (Al) to compute Y

as a function of € This allows to carry on the fit of the experimanY curve obtaining a first-iteration set of

values for the fitting parametecs d and K. The minimized target function i&=[YL, (Y2.;-Yap1)] 1/,
wheren is the number of different{&oncentrations used in the titration. It shoulchbéed that, for the value
of K, obtained in the fit, the concentrations ', [LH3*], [SLHZ], [SLH3], and [S] may give K and K
constants (via Egs. 3 and 4) that differ each otlveder different G This unphysical outcome is a
consequence of having enforced an arbitrary depeedef pH vs. G(see point (1)).

3) Since the pH value at the finals®f the titration is not guessed but experimentalstermined, the
corresponding values of,kand K will be pH-consistent. Therefore, by using theakigs of K and ks, a new
set of pH values can be found (one for each coraiort G) by solving the system of Egs. 2, 3, 4, A4, A5
and A6 with respect to the variables ', [LH3*], [SLHZ], [SLH3*], [ST] and just [H]. Note that, as Kand
Ks are the same for all the resulting pH values will be in general diffiet from those established at the
point (1) of this procedure, apart from the findd, pvhich will remain unchanged owing to the pH detency
of K, and Kg. Of course, also the initial pH will be unchangasl,in this case the solution is anion free.

4) Using the new set of pH values, steps (2) and {8)repeated until self-consistency is reached ardpH
variations become negligible for alkGipon subsequent iterations.

Uncertainty on a fitting parameter is estimatedryeasing and decreasing, in turn, the parametirtbe x* doubles
with respect to its minimum value (fit outcome)ekéng fixed all the other fitting parameters. Theoeis taken to be
the absolute value of the largest variation in fitieng parameter® For some fitting parameters, variations in one or
both directions (increase/decrease) may resultoirppreciable changes gf. This occurs when variations of the
parameter as large a800% the value obtained from the fit are not sigfit to doublex®. In the former case (ng’
changes upon variation of the fitting parameteority one direction), we can provide the error asupper or lower
limit of the parameter (actually, we only obseruggper limits, as decreasing the parameter doekeadtto appreciable
x* changes); this is the case, for example, of tigJgarameter in Table Il. In the latter case ffcchanges upon
variation of the fitting parameter in both direct®), the parameter is classified as undetermiress;fer example, the
parameter of Brand I in Table I.

The errors on the derived quantities, loghad logks, correspond to their largest change when incraadedecrease of
logK, doublesx® In the case of Table II, it could appear anomslinat, while only upper limits are provided fogka
and logk,, a quite precise evaluation is reported for lagkhis is due to the small variation of logKelatively to its
absolute value, when varying logkAs an example, we discuss the case ¢f&ble II). The fitting outcomes for logK
logK, and logk are 2.9,-0.06 and 2.96, respectively, witg’=1.37. Increasing logKto 3.7 doublesy?.
Correspondingly logKk and logks become 0.7 and 2.98, respectively (these are ttieisipper limits as reported in
Table 11). Now, by decreasing logky 2 orders of magnitude, i.e., setting-0.1, the value of’® remains almost
unchanged)? = 1.44). This implies that a lower limit for logi¢annot be given. The uncertainty on legk also
undetermined, because it changes fregh06 to—3.1. On the other side, small relative variatiomhserved for logk
which goes from 2.96 to 2.95 (its relative errortbe lower limit is almost negligible). Therefofer this parameter we
can provide an error, i.e., the largest value betw2.982.96|=0.02 and |2.92.96|=0.01.
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Figure 3
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