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ABSTRACT: A new approach to anion sensing that involves
excimer disaggregation induced emission (EDIE) is reported.
It involves the anion-mediated disaggregation ofthe excimer
formed from a cationic macrocycle.This leads to an increase
in the observed fluorescence intensity.The macrocycle in
question, cyclo[1]N2,N6-dimethyl-N2,N6-bis(6-(1H-imidazo-
lium-1-yl)pyridin-2-yl)pyridine-2,6-diamine[1]1,4-dimethyl-
benzene (12+; prepared as its PF6

− salt), is obtained in ca. 70%
yield via a simple cyclization.X-ray diffraction analysesof
single crystals revealed that, as prepared, this macrocycle exists
in a supramolecularpolymeric form in the solid state.
Macrocycle12+ is weaklyfluorescentin acetonitrile. The
emission intensity is concentration dependent, with the maximum intensity being observed at [12+] ≈ 0.020 mM. This finding is
ascribed to formation ofan excimer,followed possibly by higher order aggregates as the concentration of12+ is increased.
Addition of tetrabutylammonium pyrophosphate (HP2O7

3−) to 1 2+ (0.020 mM in acetonitrile) producesa ca. 200-fold
enhancement in the emission intensity (λex = 334 nm;λem = 390−650 nm).These findings are rationalized in terms ofthe
HP2O7

3− serving to break up essentially non-fluorescent excited-state dimers of 12+ through formation of a highly fluorescent
anion-bound monomeric complex, 12+·HP2O7

3−. A turn-on in the fluorescence intensity is also seen for H2PO4
− and, to a lesser

extent,HCO3
−. Little (HSO4

−, NO3
−) or essentially no (N3−, SCN−, F−, Cl−, Br− and I−) response is seen for other anions.

Solid-state structural analysis of single crystals obtained after treating 12+ with HP2O7
3− in the presence of water revealed a salt

form wherein a H2P2O7
2− anion sits above the cone-like macrocycle.

■INTRODUCTION
Considerable efforthas been dedicated to the design and
synthesisof receptorsfor the recognition and sensingof
oxoanion species.1 Particularly importantoxoanionsinclude
pyrophosphate (HP2O7

3−), hydrophosphate (H2PO4
−), bicar-

bonate (HCO3
−), and hydrosulfate (HSO4−). These species

play important roles in living organismsand are widely
distributed in the environment.2 Thus,there is considerable
interest in the development ofsimple systems that willallow
for the detection of these and related anionicspecies.3 A
number ofelegant sensors for HP2O7

3−,4 H2PO4
−,5 HCO3

−,6
and HSO4

− 7 have been reported in recentyears.Many of
these have relied on signal transduction mechanisms, wherein a
binding eventis translated into a change in an opticalor
electrochemicaloutput.8 Other mechanismsthat have been
exploited in the context of developingso-called “turn-on”
fluorescentsensorsinclude photoinduced electron transfer

(PET),9 excimer/exciplex,10 fluorescenceresonanceenergy
transfer(FRET),11 intramolecularchargetransfer(ICT),12

excited-state intra-/intermolecular proton transfer (ESIPT),13

and aggregation-inducedemission(AIE).14 However, the
development of new mechanisms for sensing remains
important.We believe itcould contribute to the generalized
problem of anion sensing beyond the specificproblem of
oxoanion recognition.15 Here,we report,what is to the best of
our knowledge,a new approach to anion sensing that involves
excimerdisaggregationinduced emission(EDIE). Briefly,
disaggregation,mediated by anion binding in acetonitrile,
converts a weakly fluorescent species into one with
considerably greateremission intensity.The net result is an
easy-to-discern increase (“turn-on”) in the overall fluorescence
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signature.The presentapproach,summarized graphically in
Scheme 1,could provide a usefulcomplementto strategies

involving the breakup of ground-stateaggregates.16 The
importance of the latter mechanism hasrecently been
underscored in the contextof sugar recognition.17 However,
with the exception of early work from our group,18 it has rarely
been exploited for anion sensing.

The dimeric excimer used in the present study is produced
by dissolving the bis-PF6

− salt of a new pyridine imidazolium
macrocycle,namely cyclo[1]N2,N6-dimethyl-N2,N6-bis(6-(1H-
imidazolium-1-yl)pyridin-2-yl)pyridine-2,6-diamine[1]1,4-di-
methylbenzene (12+), in acetonitrile at concentrations >0.010
mM and subjecting it to photo-illumination (λex = 334 or 415
nm). As discussed below,addition of oxoanionic species leads
to a turn-on in the fluorescence of 12+, with the HP2O7

3− and
H2PO4

− anions (both as theirtetrabutylammonium (TBA+)
salts) proving particularly effective.Little interference from
other anions is seen.These results are rationalized in terms of
competitive binding (self-association vs anion recognition) and
are supported by solid-state structuralanalyses.

■RESULTS AND DISCUSSION
Synthesis and Structural Analysis of 12+. Macrocycle

12+ was synthesized asshown in Scheme2. Following a
procedure reported in the literature,19,20N2,N6-bis(6-bromo-
pyridin-2-yl)-N2,N6-dimethylpyridine-2,6-diamine (2) was ob-
tained in a totalyield of 72%.An Ullmann coupling was used
to generate N2,N6-bis(6-1H-imidazol)-N2,N6-dimethylpyridine-
2,6-diamine(3) in 94% yield.21 Reaction of 3 with 1,4-

bis(bromomethyl)benzenegave 12+·2Br−. Following anion
exchangevia treatmentwith NH 4PF6 in water, the target
system 12+ (as its bis-PF6− salt) was obtained in up to 70%
yield.

Macrocycle 12+ is comprised of two “halves”,both of which
were expected to impart anion recognition capability.The top
“half” consistsof an N2,N6-dimethyl-N2,N6-bispyridin-2-yl)-
pyridine-2,6-diamine moiety (blue part of 12+ in Scheme 2),a
subunit that haspreviously been demonstrated asbeing an
effective intermolecular hydrogen bond acceptor.19−21 A 1,4-
bis((1H-imidazolium-1-yl)methyl)benzene(red part of 12+

shown in Scheme 2) makesup the lower half. This latter
fragmentcontainsboth cationic imidazolium and neutral
benzene C−H potentialhydrogen bond donors.Macrocycle
12+ was thus expected to function as an anion receptor under
appropriate conditions.The two halves of12+ are bridged by
single bonds.It wasanticipated thatthe resulting flexibility
would allow for conformational motion and permit the overall
structure to undergo the adjustments needed to optimize guest
binding.

Evidence for the conformational flexibility of macrocycle 12+

came from1H NMR and two-dimensional nuclear Overhauser
effect spectroscopy (NOESY) studies carried out at 298 K in
CD3CN-d3 (cf. Supporting Information (SI)).Only one set of
high-resolution signals is seen in the1H NMR spectrum of 12+.
In the NOESY spectrum,correspondingsignalsbetween
H(1,4) and H(6), as wellas H(1,2) and H(8),are observed.
We thus propose that12+ is subjectto dynamic motion in
solution,at least on the NMR time scale.

Further support for the conformationalflexibility of 12+

came from single-crystal X-ray diffraction analyses.Specifically,
two different setsof diffraction-grade single crystalsof 12+·
2PF6

− were obtained,depending on the specific crystallization
conditions employed (cf.SI). Different symmetries,Cs vs C1,
were seen in the resulting structures,which proved to be those
of 12+·2PF6

−·2CH3CN·0.25H2O and 1 2+·2PF6
−·dioxane,re-

spectively (Figure 1). Two different bowl-like cavities were also
seen in the two structures. However, in both cases, the pyridine
nitrogen atoms and the two imidazolium C−H bonds on the
(6-(1H-imidazolium-1-yl)pyridin-2-ylmoietiespoint to the

Scheme 1.Anion Recognition Modes and Schematic View
of the Excimer Disaggregation Induced Emission (EDIE)
Sensing Mechanism Proposed for 12+·2PF6

−

Scheme 2.Synthesis of Macrocycle 12+·2PF6
−

Figure 1.Top (ellipsoid representation) and side (stick representa-
tion) views of12+ seen in the single-crystalstructures of12+·2PF6−·
2CH3CN·0.25H2O and 12+·2PF6−·dioxane shown in (a),(c) and (b),
(d), respectively.
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bottom of the bowl (cf. SI). The aromaticrings on the
opposing N2,N6-dimethylpyridine-2,6-diamineand 1,4-dime-
thylbenzene fragments are also oriented toward the bottom of
the bowl(cf. SI). The net result is a set of structuralfeatures,
including the orientation ofseveralputative C−H hydrogen
bond donors,that were expected to make 12+ effective as an
anion receptor.

Pyrophosphate Anion Binding Properties of 12+.
Based on considerationsof size and geometry,HP2O7

3−

(TBA+ salt) was chosen asa first oxoanionicguestwith
which to test the anion binding properties of 12+. UV−vis and
1H NMR spectroscopic methods, as well as isothermal titration
calorimetry (ITC), were then used to probe the interactions in
acetonitrile (or acetonitrile-d3). A Job plot analysis based on
the UV−vis spectroscopic changes observed as a function of
concentration ([H] + [G] = 0.050 mM) revealed a peak value
at a mole fraction of0.5.Clean isosbestic behavior was also
seen.On this basis,we proposethat a 1:1 (host/guest)
stoichiometry bestdescribes the binding interaction between
12+ and HP2O7

3− (cf. SI).
Further support for the proposalthat receptor 12+ is able to

interact with HP2O7
3− came from a mass spectrometric study.

In particular,a peak with an m/z of702.1749 was observed
under conditionsof electrosprayionization high-resolution
massspectrometry(ESI-HRMS) from an initial aqueous
solution containing 12+ and HP2O7

3− (vide inf ra). Such a
finding is in accord with whatwould be expected fora 1:1
complex formed between 12+ and HP2O7

3− (calculated for
C31H30N9O7P2; [12+·HP2O7

3−]− = 702.1749]) in the gas phase
(cf. SI). Diagnostic shifts in the1H NMR spectrum were also
seen when HP2O7

3− was added into an acetonitrile-d3 solution
of 12+·2PF6

− (cf. SI).
The charged nature of 12+ led us to consider that, in analogy

to what proved true for protonated sapphyrin18 and europium-
adjusted carbon dots,22 this flexible macrocyclic receptor might
prove effective as a disaggregation-based sensorfor the four
test oxoanions for which spectroscopic evidence of binding was
obtained (videinf ra). As a predicate to these studies,we
soughtto explore whether 12+ was appreciably aggregated in
acetonitrile solution.Initial tests involved Beer−Lambert plots.
Over a wide range of concentrations,no appreciable
differences in the extinction coefficients were seen (Figure 2
and SI, FiguresS10 and S11).Likewise,no charge-transfer
(CT) band corresponding to ground-state aggregation was
seen at higher concentrations.On this basis,we conclude that
the ground-state form of12+ is not appreciably aggregated.It
wasthus not expected to function asa fluorescentturn-on
sensor based on the simple breakup of ground-state aggregates.

When irradiated at a λex = 334 nm,0.020 mM solutions of
12+·2PF6

− in CH3CN proved essentially non-emissive.
However,the fluorescence emission intensity wasfound to
increase monotonically as a function ofincreasing HP2O7

3−

concentration (TBA+ salt; from 0 to 0.021 mM) at 298 K (cf.
Figure 3).An effort was then made to quantify the presumed
interactions.Toward this end, the integrated fluorescence
intensity between 395 and 650 nm was plotted as a function of
HP2O7

3− concentration with [12+·2PF6
−] held constantat

0.020 mM (Figure 3 inset,●).
Importantly,the fluorescentfeaturesof any given setof

solutions produced by adding HP2O7
3− to acetonitrile

solutions of12+·2PF6
− proved highly reproducible.Moreover,

no appreciable changes in the emission values were observed
even after subjecting the solutions to 30 independent analyses

(i.e.,repeated scans under conditions of fluorescence analysis;
cf. Figure S35).

Since 12+·2PF6
− on its own displayslittle in the way of

fluorescence,at least as a 0.020 mM solution in CH3CN, and
the pyrophosphate salt itself is likewise non-emissive, the above
quantitative analysis leaves unanswered the specific origin of
the increase in fluorescence emission intensity observed as
HP2O7

3− is added to 0.020 mM solutionsof 12+·2PF6
− in

CH3CN. As a first step in an effort to understand the
underlying determinants, the packing diagrams of the
structuresof [12+·2PF6

−·2CH3CN·0.25H2O] and [1 2+·2PF−·
dioxane] discussed above were analyzed. This analysis revealed
interactions between neighboring macrocycles (Figure 4a−d).
Single crystals of the pyrophosphate salt were then grown. The
resulting structure [12+·H2P2O7

2−·4H2O] revealed a sitting-top
anion complex and reduced interactions between the
individualmacrocycles(Figure 4e and SI). Although not a
proof, such a finding lends support to the suggestion that break
up of an excimercontributesto the pyrophosphate anion-

Figure 2. Concentration-dependentUV−vis spectraof 12+·2PF6−

recorded at 1.00 × 10−3 mM (black line), 0.010 mM (red line), 0.020
mM (blue line), 0.040 mM (green line), and 0.080 mM (pink line) in
acetonitrile.Inset shows the normalized spectralintensity at 319 nm
(■ ) recorded over the 1.00 × 10−3 mM and 2.56 mM) concentration
range.The red line corresponds to an associated linear fit (created via
the linear expression Abs(319 nm) = (13.9 ± 0.2) × [12+] with adjusted
R2 = 0.997) assuming Beer−Lambert behavior.

Figure 3.Fluorescent emission spectra ofa solution containing 12+·
2PF6

− (0.020 mM) in CH3CN as a function ofincreasing HP2O7
3−

concentration (TBA+ salt; from 0 to 0.026 mM) at 298 K.λex = 334
nm.Voltage = 400 V,entrance slit width = 5 nm,exit slit width = 10
nm. Inset shows the correspondingchangein the integrated
fluorescence intensity between 390 and 650 nm (● ).
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induced increasein fluorescenceintensity seen in dilute
acetonitrile solution.

Monomer−Dimeric Excimer Equilibrium Model. The
fluorescence emission features of 12+·2PF6

− were then analyzed
in detail over a wide range ofrelatively low concentrations,
namely from 2.50 × 10−4 mM to 0.100 mM in acetonitrile.At
the lowest of these concentrations a non-aggregated form was
expected to dominate.Thus,an excitation wavelength (λex) of
334 nm,corresponding to the maximum emission intensity at
415 nm of the monomeric form,was used.For a well-behaved
system,the intensity wasexpected to increase linearly with
concentration.This was not seen (Figure 5). In fact, the
maximum fluorescence intensity for the monomer (integrated
over the 390−650 nm spectralregion) wasseen when the
concentration of12+·2PF6

− was 0.020 mM.The fluorescence
intensity then decreases as the concentration of12+·2PF6

− is
raised.Meanwhile,a new shoulder appears at around 500 nm

when the concentration of 12+·2PF6 is higher than 0.030 mM, a
finding consistent with the formation of an excimer (cf.SI).

The above findings lead us to suggest that individual units of
12+ dimerize to form excimers,which might possibly self-
associate furtherto form higher order aggregates.Normal-
ization ofthe data across the fullconcentration range reveals
that it is the monomeric form that is most fluorescent (highest
quantum yield) on a per mole basis.Therefore,it was
tentatively concluded that addition of pyrophosphate serves to
break up the aggregated forms of 12+, particularly the dimeric
excimer that is expected to dominate over most of the 2.50 ×
10−4 mM to 0.100 mM concentration range associated with
this study.Efforts were thusmade to study this proposed
phenomenon in detail.

More direct evidence for excimer formation in the case of
12+·2PF6

− came from experiments involving excitation at 334
and 415 nm, respectively.Excitation at 334 nm led to a
monomer-like emission at 415 nm,as wellas a weak excimer
emission ataround 500 nm when the concentration of12+·
2PF6

− is high (larger than 0.030 mM). In contrast, excitation at
415 nm gave rise to emission at 480 nm over a wide range of
concentrations(Figure 6). When the concentration of12+·
2PF6

− is higher than 0.32 mM,a linear relationship between
the fluorescence intensity at 480 nm and the concentration of
12+·2PF6

− is observed.
Additionalsupportfor the proposed excimer formation in

the case of12+ came from excitation spectralstudies.When
scans were carried out with monitoring at λem = 415 and 480
nm (cf. Figures S14 and S15),the excitation profile proved
similar to that of the UV−vis spectrum of 12+·2PF6

−, provided
the concentration of 12+·2PF6

− was kept lower than 0.100 mM.
Increasing the concentration of12+·2PF6

− from 0.001to 2.56
mM led to a decrease in the intensity of the peaks at 270 and
300 nm seen in the excitation scans recorded at [12+·2PF6

−] <
0.100 mM.These latter peaks were essentially absentat the
highestconcentrations.Meanwhile,the longestwavelength
feature at 372 nm was seen to undergo a red shift to 390 nm as
the concentration increased,with a commensurate increase in
spectralintensity being observed (cf.Figures S14 and S15).
Taken in concert,these findings are consistent with a dimeric
excimer being stabilized at relatively high concentrations.This
species displays a maximalfluorescence intensity at480 nm

Figure 4. Single-crystalX-ray diffraction structuresof [12+·2PF6−·
2CH3CN·0.25H2O] shown in top (a) and front (c) views, [12+·2PF6−·
dioxane]shown in top (b) and front (d) views,and (e) [12+·
H2P2O7

2−·4H2O]. Close contacts between individualunits neighbor-
ing macrocycles 12+ units (shown with orange double headed arrows)
are observed in the first two of these three structures.

Figure 5.Selected concentration-dependent fluorescent emission spectra for 12+·2PF6− are shown in (a) and (b).Shown in (c) is a plot of the
corresponding change in the value of the integrated emission intensity between 390 and 650 nm as the concentration was varied from 2.50 × 10−4

mM to 0.100 mM in acetonitrile (● ). As discussed in the text,this emission intensity is ascribed to the monomeric form (12+). λex = 334 nm,
voltage = 900 V, entrance slit width = 5 nm, exit slit width = 10 nm. Note: The fluorescence spectra of 12+·2PF6− at concentrations of 0.001, 0.010,
and 0.020 mM were independently remeasured (scanned) 30 times.No appreciable differences were seen upon repeat scanning.This leads us to
suggest that the system is stable under the study conditions.
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when photoexcitation isaffected at415 nm (cf. Table 1).
Importantly, it is substantially less emissive than the
monomeric form as noted above.

Quantitative analysesof the concentration-dependent
fluorescencespectralfeatureswere then carried out in an
effort to determine the contributionsof the monomerand
excimerof 12+·2PF6

−, respectively,to the overall emission
intensity.

To test whether a simple monomer−dimeric excimer model
could be used to describe the experimentalobservations seen
in acetonitrile at relatively low concentrations ([12+·2PF6

−] =
[u] 0 = 2.5 × 10−4 mM to 0.020 mM),the following elementary
reactionswere considered in the contextof a global kinetic
analysis:

ν+ → *u h u
j

1
1

(i)

ν* → +u u h
j

2
2

(ii)

* + → +u M u M
k1 (iii)

* + → *u u u
k

2
2

(iv)

* + → + +u M u u M
k

2
3

(v)

where u is 12+ in the ground state; u* is 12+ in the excited state
under irritation (λex = 334 nm); u2* is the non-fluorescent
dimeric excimerof 12+; M is media which induced the
relaxation ofthe species in the excited state;hν1 is the light

intensity atthe excitation wavelength of334 nm interacting
with 12+ and reflects the absorbance(A) value at that
wavelength;hν2 is the integrated emission intensity over the
390−650 nm spectral region. Parameters j1, j2, k1, k2, and k3 are
rate constants of the individual(but inter-related) elementary
reactions.In this model, the effectsof media (including
solvent,acetonitrile,and counteranion,PF6

−) are ignored,as
are the potentialeffects of higher order aggregates.Thus,it is
assumed thatthe sole aggregation productof 12+ (u) is the
non-fluorescent dimeric excimer u2*.

At the limit where the total concentration of 12+ (u0) is zero
([u] 0→0), elementary reactions involving u2* (namely
elementaryreactionsiv and v) may be ignored.Thus, the
theoreticalquantum yield ofthe emitting monomeric species
12+ (i.e., ϕu(monomer)) can be calculatedusing elementary
reactionsi−iii. Accordingly,only monomericspecieswere
considered in the following equilibrium expression (eq 1):

[ ] = [ ] = [ ] + [ *]u u u u0 monomer (1)

Here,[u] 0 is the totalconcentration of12+; [u] monomeris the
concentration of the monomeric forms of 12+ and is the sum of
12+ in the ground state (i.e.,[u]) and in the excited state (i.e.,
[u*]).

With [u] 0→0, the observed emission intensity(Fobs =
F[u] 0→0) can be expressed as eq 2:

ϕ ϕ
=[ ] →

[ ] →

F

A
F

A
u

u u s

0

0 (monomer)

s

s

0

0 (2)

In eq 2, A[u]0→0 is the absorbance of 12+ at 334 nm, a value that
obeys the Beer−Lambert law (vide supra and eq 3).As noted
above,Fs = 4.87 × 10 6, As = 0.0104,and ϕs = 0.556 are,
respectively,the detected emission intensity between 390 and
650 nm,the absorbance value at334 nm,and the quantum
yield of a referencestandard (i.e.,a solution of quinine
bisulfate in 0.1 N sulfuric acid).23

ε= [ ][ ]A u lu u 0 (3)

Combining eqs 2 and 3 gives the equilibrium expression
governing ϕu(monomer)as eq 4:

ϕ
ε

ϕ
=

[ ]
[ ]→F

u l

A

Fu
u

u
(monomer)

0

0

s s

s (4)

A plot of Fobs/[u] 0 vs [u] 0 was then used to determine
ϕu(monomer). The linear analysisof Fobs/[u] 0 at the low
concentration (2.50 × 10−4 mM to 6.00 × 10−4 mM) gave
the value of Fobs/[u] 0 under [u]0→0 as the intercept.Then eq
4 was used to give the value of ϕu(monomer)as eq 5.

Linear fitting in Figure 7b and eq 4 thus gave

ϕ = ± × −(3.42 0.36) 10u(monomer)
4

(5)

Accordingly,a value of ϕu(monomer)= 3.42 × 10−4 was used for
the ensuing analyses.The error in the curve fitting is ca.10%
and was ignored in these latter calculations.

Considering elementary reactions i−iii,the following relation-
ship could be derived as eq 6:

[ *] = [ ] − [ *] − [ *]u
t

j u j u k u
d

d 1 2 1 (6)

A quasi-steady-state assumption was then made resulting in eq
7:

Figure 6.Concentration-dependent fluorescence emission spectra of
12+·2PF6

− in acetonitrile recorded from 2.00 × 10−4 mM to 2.56 mM
using λex = 415 nm.Voltage = 700 V,entrance slit width = 5 nm,exit
slit width = 10 nm.Inset shows the corresponding change (■ ) in the
emission intensity value at 480 nm as a function of concentration. The
red line was created using the linear expression If(480 nm) = (88.0 ±
1.0) × [12+] + (32.7 ± 0.7), giving an adjusted R2 = 0.998.

Table 1.Excitation Wavelengths (λex) and Maximum
Fluorescence Intensity Wavelengths of 12+ (λem)

species λex (nm) λem (nm)
12+ 334 415

(12+)2 334 ∼500a

415 480

12+·HP2O7
3− 334 445

aA shoulder located at around 500 nm is observed when the
concentration of 12+·2PF6− is larger than 0.030 mM.
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[ *] = [ ] − [ *] − [ *] =u
t

j u j u k u
d

d
01 2 1 (7)

This allowed a relationshipbetweenϕu(monomer) and the
parameters j2 and k1 to be expressed as eq 8:

ϕ =
+

= ± × −j

j k
(3.42 0.36) 10u(monomer)

2

2 1

4

(8)

With the analysis at [u]0→0 complete,the monomer−dimeric
excimer model was used to treat the experimental data for 0 ≤
[u] 0 ≤ 0.020 mM. Toward this end, eqs 9 and 10 were derived
based on the elementary reactions i−v as follows:

[ *] = [ ] − [ *] − [ *] − [ *][ ]u
t

j u j u k u k u u
d

d 1 2 1 2 (9)

[ *]
= [ *][ ] − [ *]

u
t

k u u k u
d

d
2

2 3 2 (10)

As above,a quasi-steady-state assumption was made (eq 11):

[ *] =
[ *]

=u
t

u
t

d
d

d
d

02
(11)

Combining eqs 9−11 gave eq 12 as follows:

[ *]
[ *][ ]

= =
u

u u
k
k

K2 2

3
dimer

(12)

It was further assumed that the relationship between u, u*, and
u2* can be treated as a chemicalequilibrium:

* + *u u u
K

2
dimer
H Iooooo

Meanwhile,eqs 13 and 14 were defined (note:here [u]all is
equalto [u] 0):

[ ] = [ ] + [ *]u u umonomer (13)

[ ] + [ *] = [ ]u u u2monomer 2 all (14)

Since u2* is defined asnon-fluorescentin this model per
experimentalobservation (vide supra),the observed emission
is from umonomer(i.e.,ground-and excited-state forms of12+;
see definitions above).Accordingly,eq 15 could be set up as
follows:

ϕ ϕ
=

F
A

F
Au u

obs

(monomer) (monomer)

s

s s (15)

Equation 15 was then used to produce eq 16 as follows:

ε ϕ ϕ[ ]
=

F
u l

F
Au u

obs

monomer (monomer)

s

s s (16)

Finally,the totalconcentration of monomeric 12+ ([u] monomer)
could be related to Fobs per eq 17:

ε ϕ
ϕ

[ ] =u
F

l

A

Fu u
monomer

obs

(monomer)

s s

s (17)

Equation 17 was used to generate eq 18:

[ *] = [ ] − [ ]u u u( )/22 all monomer (18)

Equations 11 and 13 were then used to derive eq 19:

[ ] = [ ] − − − +

[ ] − − − + + [ ]

(
)

u k u j j k

k u j j k k j k u

k

( ) 4 ( )

/2

2 monomer 1 2 1

2 monomer 1 2 1
2

2 2 1 monomer

2 (19)

Equations 9, 10, 13, and 19 were then considered
simultaneouslyto obtain a relation between [u2*] and
[u] monomerin the form of eq 20:

[ *] = [ ] = [ *][ ] =

[ ] [ ] − [ ] =

[ ] − − −

+ [ ] − − − + + [ ]

× [ ] − [ ] + + +

− [ ] − − − + + [ ]

(
)

(
)

u f u K u u

K u u u

K k u j j k

k u j j k k j k u

k

k u k u j j k

k u j j k k j k u

k

( )

( ) 4 ( )

/2

2

( ) 4 ( )

/2

2 monomer dimer

dimer monomer

dimer 2 monomer 1 2 1

2 monomer 1 2 1
2

2 2 1 monomer

2

2 monomer 2 monomer 1 2 1

2 monomer 1 2 1
2

2 2 1 monomer

2 (20)

The parameters A,B, and C were set as follows:
=A k2 (21)

= +B j k2 1 (22)

=C j1 (23)

Equation 20 could then be expressed as eq 24:

[ *] = [ ] =

[ ] − −

+ [ ] − − + [ ]

× [ ] + +

− [ ] − − + [ ]

(
)

(
)

u f u

K A u B C

A u B C AB u A

A u B C

A u B C AB u A

( ) 4 /2

( ) 4 /2

2 monomer

dimer monomer

monomer
2

monomer

monomer

monomer
2

monomer (24)

From the observedemission intensity values (Fobs) of
acetonitrile solutions containing different [u]all, the [u]monomer
term can be calculated from eq 17.This allows [u2*] to be
deduced through eq 18.A plot of [u2*] vs [u] monomercould
then be fitted in a nonlinear fashion using eq 24.Fixed values
of the parameters of A = 4.47 × 107 M−1 s−1, B = 1.68 s−1, and
C = 59.9 s−1 allowed the nonlinear fitting to be optimized (cf.
Figure 8).This gave a calculated Kdimer value of (5.48 ± 0.12)
× 106 M−1, where the errors are the curve-fitting errors.

Figure 7.Plot of Fobs/[u] 0 vs [u]0 (a) and expanded view of the plot
for the data recorded at low concentrationsshowingthe linear
relationship (b).
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From the result ofthe nonlinear fitting,a series ofrelative
parameter values j1 = 59.9 s−1, j2 = 1.56 s−1, k1 = 4.55 × 103 s−1,
k2 = 4.47 × 107 M−1 s−1, and k3 = 0.12 s−1 could be derived.
Likewise,a relationship between [u2*] and [u]monomercould be
established per eq 25:

[ *] = [ ] = [ ] + × −

[ ] − × [ ] + ×

−

− −

u f u u

u u

( ) 3.57 5.21 10

14.3( ) 3.71 10 2.71 10
2 monomer monomer

6

monomer
2 5

monomer
11

(25)
From these parameters and using the relationship embodied

in eq 17, the simulated emission intensity (Fsim) could be
calculated.This was then compared with the experimental Fobs
values as shown in Figure 9.

Gratifyingly,a good match between the calculated curve and
the experimental points was seen.Therefore, we believe that at
leastup to [1 2+] = 0.020 mM contributions from possible
higher order aggregated species (e.g., trimers or tetramers) can
be largely ignored.Therefore,on the basis of eqs 9,10,13,14,
and 25, the relationship between [u],[u*], [u2*], and [u]0
could be plotted in the form of a speciation diagram (cf. Figure
10 and SI).

Analysis of the Effect of Pyrophosphate Binding on
the Fluorescence Features of 12+·2PF6

− and Fit to a 1:1
Model. The key inference to be drawn from the above fitting
efforts and the underlying experiments is that a disaggregation
of the excimer form (or forms) will lead to an enhancement in
the emission intensity.We thus considered it likely that
species,such as oxoanions,that induced such disaggregation
could be detected via changes in the emission intensity of 12+·
2PF6

−. Accordingly,we setout to explore further the nature
and the extent of the pyrophosphate-inducedturn on

fluorescent response noted above (cf. Figure 3 and
accompanying discussion).

Concentration-dependent fluorescence studies of 1:1 or 1:10
mixtures containing 12+·2PF6

− and 3TBA+·HP2O7
3− were

carried out over the concentration rangeincluded in the
analysisof the anion-freereceptorsolutions,namely [12+·
2PF6

−] as 1.00 × 10−3 mM to 0.020 mM (λex = 334 nm in
acetonitrile for emission).In the case of1:10 macrocycle to
pyrophosphateratio, the emission intensityshowsa good
linear relationship with [12+·2PF6

−]. This was also true for the
1:1 mixture with the same emission intensity atevery [12+·
2PF6

−] provided that the [12+·2PF6
−] concentrationwas

≥0.010 mM.
The deviation seen for the 1:1 macrocycle to pyrophosphate

samples at lower 12+·2PF6
− concentrations could reflect a lack

of full complexation, which would be expected to be essentially
complete under the other conditions associated with this set of
experiments (Figure 11a and SI).Supporting concentration-
dependent UV−vis spectralstudies of these 1:1 or 1:10 ([12+·
2PF6

−]/[3TBA +·HP2O7
3−]) mixtures revealed a good fit to the

Beer−Lambert relationship (Figure 11b and SI). These
findings are most easily interpreted in terms ofthe formation
of a 1:1 thermostable complex,12+·HP2O7

3−, over a limited
concentration regime (i.e.,≥0.010 [12+·2PF6

−] ≤ 0.020 mM)

Figure 8. Plot of [u2*] vs [u]monomer(black points).Shown in red is a
nonlinear fitting of the data per eq 25.

Figure 9. Plot of Fobsand Fsim vs [u]0. Experimental points are shown
in black,whereas the red line is a simulation made per eq 17.

Figure 10.Plot of [u], [u*], and [u2*] vs [u] 0.

Figure 11. (a) Change in the emission intensity between 390 and 650
nm seen in the concentration-dependent fluorescent emission spectra
of 1:1 (red● ) and 1:10 (blue● ) mixtures of 12+·2PF6

− and 3TBA+·
HP2O7

3− in acetonitrile where the concentration of 12+ is varied from
1.00 × 10−3 mM to 0.020 mM.The excitation wavelength (λex) was
334 nm. The black line corresponds to an associated linear fit (created
via the linear expression Fobs(390−650 nm)= (1.3 ± 0.1) × 109 [12+] with
an adjusted R2 = 0.999) between the emission intensity and the
concentration of 12+. Voltage = 400 V, entrance slit width = 5 nm, exit
slit width = 10 nm.(b) Change in absorbance at 317 nm seen under
conditionsof concentration-dependentUV−vis spectralanalysisof
1:1 (red ● ) and 1:10 (blue● ) mixtures of12+·2PF6

− and 3TBA+·
HP2O7

3− in acetonitrile where the concentration of 12+ is varied from
1.00 × 10−3 mM to 0.020 mM.The black line corresponds to a linear
fit with an adjusted R2 = 0.998 to a linear expression thatassumes
Beer−Lambert behavior,namely Abs(319 nm) = (21.0 ± 0.2) × [12+].
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as long as the pyrophosphate anion is present at least 1 mol
equiv.

Although it was appreciated that the above 1:1 monomer−
dimeric excimer equilibrium modelwould not account for the
full fluorescence spectral response when mixtures of 12+·2PF6

−

were treated with 3TBA+·HP2O7
3− in acetonitrile, it was

considered a good starting pointfor a possible quantitative
analysis. The following elementaryreactionswere thus
considered in the contextof an initial globalkinetic analysis
of the emission intensitiesobserved atvarying [HP2O7

3−]/
[12+] ratios:

ν+ → *u h u
j

1
1

(M-i)

ν* → +u u h
j

2
2

(M-ii)

* + → +u M u M
k1 (M-iii)

* + → *u u u
k

2
2

(M-iv)

* + → + +u M u u M
k

2
3

(M-v)

+ → ·u uPPi PPi
k4 (M-vi)

· → +u uPPi PPi
k5 (M-vii)

ν· + → · *u h uPPi ( PPi)
j

1
3

(M-viii)

ν· * → · +u u h( PPi) PPi
j

3
4

(M-ix)

· * + → · +u M u M( PPi) PPi
k6 (M-x)

where u,u*, u2*, M, hν1, and hν2 are defined as before; PPi is
HP2O7

3−; u·PPiis the thermostable 1:1 complex between 12+

and PPi in the ground state; (u·PPi)* is the excited state of u·
PPi under conditionsof irradiation (λex = 334 nm); and
parameters j1, j2, k1, k2, k3, k4, k5, j3, j4, and k6 are rate constants
corresponding to the individual(but inter-related) elementary
reactions.Here, the effects of media (including solvent,
acetonitrile,and counteranion,PF6

−) are ignored,as are the
potential contributions from higher order aggregates.It is thus
assumed thatthe sole aggregation productof 12+ (u) is the
non-fluorescent dimeric excimer u2*; PPi is also considered as
non-emissive.

The 1:10 (blue ●) data set corresponding to the plot of Fobs
vs [u]0 in Figure 11a that was used to determine ϕu·PPi. The
value of ϕu·PPicould then be expressed as eq M1:

ϕ = ×·
−1.493 10u PPi

2
(M1)

Concentration-dependent UV−vis spectra of 1:10 (blue ●)
mixtures containing 12+·2PF6

− and 3TBA+·HP2O7
3− in

acetonitrile used to determine the molar absorption coefficient
of u·PPi(εu·PPi) (cf. SI). The value ofεu·PPi at 334 nm could
then be expressed as eq M2:

ε = ×· 1.535 10u PPi
4 (M2)

ConsideringelementaryreactionsM-i−M-x and assuming
quasi-steady-statekinetics, the following expressionswere
deduced:

[ *] = [ ] − [ *] − [ *] − [ *][ ]u
t

j u j u k u k u u
d

d 1 2 1 2 (M3)

[ *]
= [ *][ ] − [ *]

u
t

k u u k u
d

d
2

2 3 2 (M4)

[ · * ] = [ · ] − [ · * ] − [ · * ]u
t

j u j u k u
d ( PPi)

d
PPi ( PPi) ( PPi)3 4 6

(M5)

[ · ] = [ ][ ] − [ · ] − [ · ]

+ [ · * ] + [ · * ]

u
t

k u k u j u

j u k u

d PPi
d

PPi PPi PPi

( PPi) ( PPi)

4 5 3

4 6 (M6)

[ *] =
[ *]

= [ · * ] = [ · ] =u
t

u
t

u
t

u
t

d
d

d
d

d ( PPi)
d

d PPi
d

02
(M7)

The relationship between [u],[u*], [u] monomer, and [u2*]
can be expressed in terms of [u]monomer:

[ ] = [ ] − − − +

[ ] − − − + + [ ]

(
)

u k u j j k

k u j j k k j k u

k

( ) 4 ( )

/2

2 monomer 1 2 1

2 monomer 1 2 1
2

2 2 1 monomer

2 (M8)

[ *] =
[ ]

+ + [ ]
u

j u

j k k u
1

2 1 2 (M9)

[ *] = [ ][ *] = [ ][ *] =

[ ] + × −

[ ] − × [ ] + ×

−

− −

u
k
k

u u K u u

u

u u

3.57 5.21 10

14.3( ) 3.71 10 2.71 10

2
2

3
dimer

monomer
6

monomer
2 5

monomer
11

(M10)
Equation M11 may then be derived from eqs M5 and M7:

[ · * ] =
+

[ · ]u
j

j k
u( PPi) PPi3

4 6 (M11)

Combining eqs M5−M7 gives eq M12:

[ · ] = [ ][ ]u
k
k

uPPi PPi4

5 (M12)

Equation M12 may be rewritten as eq M13:

[ · ]
[ ][ ]

= = ·
u

u
k
k

K
PPi
PPi u

4

5
PPi

(M13)

Equation M13 implies thatthe relationship between u,PPi,
and u·PPican be expressed as a chemicalequilibrium:

+ ··
u uPPi PPi

Ku PPi
H Ioooo

Here, Ku·PPi can be consideredas the binding constant
corresponding to the interaction between u and PPi.

From mass balance and eq M11,eqs M14 and M15 may be
defined:

[ · ] = [ · ] + [ · * ] =
+ +

+
[ · ]u u u

j j k

j k
uPPi PPi ( PPi) PPiall

3 4 6

4 6

(M14)

+ +
+

=
j j k

j k
D3 4 6

4 6
1

(M15)

Equation M14 can be expressed as eq M16:

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b09021
J.Am. Chem.Soc.2019,141,4597−4612

4604



[ · ] = [ · ]u D uPPi PPiall 1 (M16)

Combining with eq M13 gives eq M17:
[ · ]
[ ][ ]

= = *· ·
u
u

D K K
PPi
PPi u u

all
1 PPi PPi (M17)

Equation M17 implies thatthe relationship between u,PPi,
and (u·PPi)all may also be considered as a chemical
equilibrium:

+ ·
* ·

u uPPi ( PPi)
K

all
u PPi

H Iooooo

It is noted that K*u·PPi is larger than Ku·PPi.
More expressions that relate to these experiments are

[ ] = [ ] + [ *] + [ · ]u u u u2 PPiall monomer 2 all (M18)

[ ] = [ · ] + [ ]uPPi PPi PPiall all (M19)

Thus,
[ · ] = [ ] − [ ] − [ *]u u u uPPi 2all all monomer 2 (M20)

In this model,the fluorescent response only comes from the
emission of u(monomer)and [u·PPi]all:

ϕ ε
ϕ

ϕ ε

ϕ

= [ · ] +

[ ]

· ·F u l
F

A

u l
F

A

PPiu u u u

s

obs PPi PPi all
s

s s
(monomer) (monomer)

monomer
s s (M21)

From concentration-dependentfluorescenceand UV−vis
spectralstudiesof 1:10 ([u] all/[PPi] all) mixtures (Figure 11
and SI),eq M22 was obtained:

ϕ ε
ϕ

Φ = = ×· · l
F

A
1.263 10u u1 PPi PPi

s

s s

9

(M22)

The previously described monomer−dimeric excimer
equilibrium modelwithout PPigives eq M23:

ϕ ε
ϕ

Φ = = ×l
F

A
3.862 10u u2 (monomer) (monomer)

s

s s

7

(M23)

The combination of elementaryreactionM-x and eqs
M20−M23 gives eq M24:

Ä

Ç

ÅÅÅÅÅÅÅ
É

Ö

ÑÑÑÑÑÑÑ

= Φ [ · ] + Φ [ ] =

Φ [ ] − [ ] − [ *] + Φ [ ] =

Φ [ ] − [ ] − [ ] + × −

[ ] − × [ ] + ×

+ Φ [ ]

−

− −

(
)

F u u

u u u u

u u u

u u

u

PPi

( 2 )

2 (3.57 ) 5.21 10

14.23( ) 3.71 10 2.71 10

obs 1 all 2 monomer

1 all monomer 2 2 monomer

1 all monomer monomer
6

monomer
2 5

monomer
11

2 monomer (M24)

With [u]all and [PPi]all known,[u] monomercan be solved using
the fluorescence spectraldata (eq M24).Then,[u2*] can be
calculated from [u]monomerand eq M10,while [u·PPi]all may be
further calculated via eq M20.Thus,the value of [PPi] may be
obtained using eq M25:

[ ] = [ ] − [ · ]

= [ ] − [ ] − [ ] − [ *]

u

u u u

PPi PPi PPi

PPi ( 2 )
all all

all all monomer 2 (M25)

Finally,K*u·PPicould be calculated using eq M26:

* =
[ · ]
[ ][ ]·K
u
u

PPi
PPiu PPi

all

(M26)

The titration data from Figure 3 were then used as a check
of eq M26.If the modelis valid,the values ofK*u·PPi should
remain constant during the full course of the titration.
However,it wasfound that the calculated valuesof K*u·PPi
based on this modelwere notconstant.Rather,they a peak
value (2.18 × 108) was observed when [PPi]all/[u] all = 1.

It is possiblethat when [PPi]all/[u] all is larger than 1,
aggregation ofPPi causesa decrease in [u·PPi]all, which is
reflected in a smaller K*u·PPi. Conversely,when the [PPi]all/
[u] all ratio is less than 1,PPicould have a direct effect on the
dimeric excimer.When [PPi]all/[u] all is around 1 the effect of
these competing influences is minimized.To the extent such
rationalesare correct, the peak value (2.18 × 10 8) may
approximate the true K*u·PPivalue. For ease, this is summarized
in the form of eq M27:

* = ×·
−K 2.18 10 Mu PPi

8 1 (M27)

This result is graphed in Figure 12.

Mixed 2:1 and 1:1 (u/PPi) Complexation Analysis of
Pyrophosphate Binding and Its Effect on the Fluo-
rescence Features of 12+·2PF6

−. Although the above
analyseshighlight the fact that a “regime of reliability” can
be found where a simple 1:1 complexation model can be made
to fit the data,it is clear that such a treatment cannot account
well for the fluorescence response seen over the fullcourse of
the titration process involving treating acetonitrile solutions of
12+·2PF6

− with 3TBA+·HP2O7
3−. Thus,a mixed 2:1 and 1:1

(u/PPi) model was employed.For this global analysis,
additional elementaryreactionsrepresentingthe putative
interactions between u2* and PPiwere considered:

ν+ → *u h u
j

1
1

(D-i)

ν* → +u u h
j

2
2

(D-ii)

* + → +u M u M
k1 (D-iii)

* + → *u u u
k

2
2

(D-iv)

* + → + +u M u u M
k

2
3

(D-v)

+ → ·u uPPi PPi
k4 (D-vi)

Figure 12. Values of K*u·PPi calculated using a simple 1:1
complexation analysis.A peak value of 2.18 × 108 M−1 was obtained
when [PPi]all/[u] all = 1.
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· → +u uPPi PPi
k5 (D-vii)

ν· + → · *u h uPPi ( PPi)
j

1
3

(D-viii)

ν· * → · +u u h( PPi) PPi
j

3
4

(D-ix)

· * + → · +u M u M( PPi) PPi
k6 (D-x)

* + → ·u uPPi PPi
k

2 2
7

(D-xi)

· → + +u u uPPi PPi
k

2
8

(D-xii)

where u,u*, u2*, M, hν1, hν2, hν3, PPi,u·PPi,and (u·PPi)* are
defined asbefore.u2·PPi is the thermostable 1:1 complex
between u2* and PPi. u2* and PPi are considered asnon-
emission, as is u2·PPi. Parameters j1, j2, k1, k2, k3, k4, k5, j3, j4, k6,
k7, and k8 are rate constantsfor the individual (but inter-
related) elementary reactions.As in the case of the initial
simplified 1:1 modelabove,the effectsof media (M) are
ignored,as are the potential effects of higher order aggregates.

Considering elementaryreactionsD-i−D-xii with a quasi-
steady-stateassumption,the following expressionsmay be
deduced:

[ *] = [ ] − [ *] − [ *] − [ *][ ]u
t

j u j u k u k u u
d

d 1 2 1 2 (D1)

[ *]
= [ *][ ] − [ *] − [ *][ ]

u
t

k u u k u k u
d

d
PPi2

2 3 2 7 2 (D2)

[ · * ] = [ · ] − [ · * ] − [ · * ]u
t

j u j u k u
d ( PPi)

d
PPi ( PPi) ( PPi)3 4 6

(D3)

[ · ] = [ ][ ] − [ · ] − [ · ]

+ [ · * ] + [ · * ]

u
t

k u k u j u

j u k u

d ( PPi)
d

PPi PPi PPi

( PPi) ( PPi)

4 5 3

4 6 (D4)

[ · ]
= [ *][ ] − [ · ]

u
t

k u k u
d ( PPi)

d
PPi PPi2

7 2 8 2 (D5)

[ *] =
[ *]

= [ · * ] = [ · ]

=
[ · ]

=

u
t

u
t

u
t

u
t

u
t

d
d

d
d

d ( PPi)
d

d ( PPi)
d

d ( PPi)
d

0

2

2
(D6)

Here,the relationship between [u],[u*], [u] monomer, and [u2*]
is defined via eqs D7−D11:

[ *] =
[ ]

+ + [ ]
u

j u

j k k u
1

2 1 2 (D7)

[ *] =
[ *][ ]

+ [ ]
u

k u u
k k PPi2

2

3 7 (D8)

[ · * ] =
[ · ]

+
u

j u

j k
( PPi)

PPi3

4 6 (D9)

[ · ] = [ ][ ]u
k
k

uPPi PPi4

5 (D10)

[ · ] = [ *][ ]u
k
k

uPPi PPi2
7

8
2

(D11)

Equation D11 may be rewritten as eq D12:

[ · ]
[ *][ ]

= = ·
u

u
k
k

K
PPi
PPi u

2

2

7

8
PPi2 (D12)

Equation D12 implies that the relationship between u2*, PPi,
and u2·PPican be treated as a chemicalequilibrium:

* + ·
·

u uPPi PPi
K

2 2
u2 PPi
H Iooooo

More expressionsrelated to the experimentsinclude the
following:

[ ] = [ ] + [ *] + [ · ] + [ · ]u u u u u2 PPi 2 PPiall monomer 2 2
(D13)

[ ] = [ ] + [ · ] + [ · ]u uPPi PPi PPi PPiall all 2 (D14)

In this model,the fluorescent response comes only from the
emission contributions of [u]monomerand [u·PPi]all:

= Φ [ · ] + Φ [ ]F u uPPiobs 1 all 2 monomer (D15)

where Φ1 and Φ2 are defined asper eqs M22 and M23.
Assumingthat PPi is completelybound to u during the
titration process,the maximum fluorescence response may be
expressed per eq D16:

= Φ [ ] + Φ [ ]

[ ] ≥ [ ] = [ · ]

= Φ [ ]

[ ] > [ ] = [ · ]

F u

u u

F u

u u

PPi ,

when PPi PPi
or

,

when PPi PPi

max 1 all 2 monomer

all all all

max 1 all

all all all (D16)

The minimum fluorescenceresponsewhen no binding
between PPiand u occurs is expressed by eq D17:

= [ ]F F umin monomer,0 (D17)

where [u]monomer,0is defined as the concentration of [u]monomer
before addition ofPPi. The range of fluorescence intensity
values for [u·PPi]all is thus

− ≤ − Φ [ ] ≤ − Φ [ ]F F F u F uobs min obs 2 monomer max 2 monomer
(D18)

This gives eqs D19 and D20 for the lower bound of [u·PPi]all
and the upper bound of [u·PPi]all:

Φ [ · ] = −u F FPPi1 min obs min (D19)

Φ [ · ] = − Φ [ ] ≤u F u FPPi1 max max 2 monomer max (D20)

with a range for [u·PPi]all of
−
Φ

= [ · ] ≤ [ · ] ≤ [ · ] ≤
Φ

F F
u u u

F
PPi PPi PPiobs min

1
min all max

max

1
(D21)

For mixturesof [u] all and [PPi]all, we can calculate the
relative concentration of the constituent species with a definite
value of [u·PPi]all according to the following equations:

[ ] =
− Φ [ · ]

Φ
u

F u PPi
monomer

obs 1 all

2 (D22)
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[ ] = [ ] − − − +

[ ] − − − + + [ ]

(
)

u k u j j k

k u j j k k j k u

k

( ) 4 ( )

/2

2 monomer 1 2 1

2 monomer 1 2 1
2

2 2 1 monomer

2 (D23)

[ *] =
[ ]

+ + [ ]
u

j u

j k k u
1

2 1 2 (D24)

[ ] =
[ · ]
[ ] * ·

u
u K

PPi
PPi

u

all

PPi (D25)

[ · ] = [ ] − [ ] − [ · ]u uPPi PPi PPi PPi2 all all (D26)

[ *] = [ ] − [ ] − [ · ] − [ · ]

=
[ ][ *]

+ [ ]

u u u u u

k u u
k k

1
2

( PPi 2 PPi )

PPi

2 all monomer all 2

2

3 7 (D27)

If we do not considerthe dissociation ofPPi from u2*,
[u2*]′ can be expressed as eq D28:
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The following inequality expression could then be used to
judge the reasonableness of the resulting calculated values:
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Finally,Ku2·PPi and k7 are calculated via eqs D30 and D31:
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For each titration point,the values of [u]all and [PPi]all are
known.Therefore,Fmax and Fmin can be calculated using eqs
D16 and D17, respectively.Meaningfulvaluesof [u·PPi]all
were then obtained using the limitations set by eq D21.The
full range of [u·PPi]all valueswastruncated into 400 equal
regimes,and [u·PPi]all wasconsidered foreach subset.For
each,the relative concentration of the constituent species was
calculated according to eqs D22−D27. Equation D29 was then
used as criterion to evaluate which ofthe resulting calculated
concentration valueswere meaningful.Using the resulting
subsetof calculated concentrations,the corresponding Ku2·PPi

and k7 values were obtained from eqs D30 and D31.At each
titration point, a range of Ku2·PPi(the black line shown in Figure
13a) and k7 values (the black line shown in Figure 13b) were
calculated using the meaningfulset of [u·PPi]all valuesand
corresponding concentration values (cf.Figure 13 and SI).

The above analysis is predicated on the assumption that the
values of Ku2·PPi and k7 are constant and do not vary,not only
during a given titration,but also for titrations carried out using
different initial 12+·2PF6

− concentrations.This implies that the
calculated values (or range of meaningful values) for Ku2·PPiand
k7 should be the same or nearly the same at all or, at least, most
titration points in any given titration.Per this caveat,a set of
Ku2·PPi and k7 values thatprovides the bestfit for the entire

process was selected.These values fallbetween the blue line
(lower bound) and the red line (upper bound) shown in
Figure 13a,b.It should be noted that results from two limiting
cases,namely the titration points with [PPi]all/[u] all→0 and
[PPi]all/[u] all→1, were not taken into consideration.The
concentration values of the species containing PPi (i.e.,[PPi],
[u·PPi]all, and [u2·PPi]) are smallsuch that the calculation of
Ku2·PPi and k7 is unreliable when [PPi]all/[u] all→0. In the case
of [PPi]all/[u] all→1, the smallvalues of[u2·PPi] likewise give
rise to values for Ku2·PPi and k7 that are unreliable.

On this basis,the following Ku2·PPi and k7 valueswere
selected:

= = ± ×± − −K 10 M (4.08 0.17) 10 Mu
6.61 0.03 1 6 1

2

(D32)

= = ± ×± − −k 10 s (4.91 0.34) 10 s7
8.69 0.03 1 8 1 (D33)

In order to test the validity of the above analysis,a series of
concentration-dependentfluorescentspectraltitrations were
carried out.Calculated K*u·PPi= 2.18 × 108 M−1, Ku2·PPi= 4.08
× 106 M−1, and k7 = 4.91 × 10 8 s−1 valueswere used for
simulated emission intensitycalculations.For every given
concentration of [u]all and [PPi]all, solving eqs D34−D38 and
eqsD13 and D14 provided simulated concentration values
corresponding to a given specific titration datum point:

Figure 13.Range ofKu2·PPi(a) and k7 values (b) calculated from a
mixed 2:1 and 1:1 (u/PPi) complexation analysis. On this basis,
log Ku2·PPi values between 6.58 and 6.64,combined with log k7 values
between 8.66 and 8.72,are considered as providing the best overall
match to the data.The black lines show the calculated range of Ku2·PPi

(a) and k7 (b) values corresponding to each titration point.The
values between the blue (lower bound) and red (upper bound) lines
show the meaningful value ranges for Ku2·PPi (a) and k7 (b) derived by
fitting the titration data to a mixed 2:1 and 1:1 (u/PPi) modelas
detailed more fully in the text.
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Using the calculated valuesof [u·PPi]all and [u]monomer, a
seriesof emission intensity valuesthat match the titration
process could be found via eq D15; these were then compared
with the measured values.Fluorescentemission spectra ofa
solution containing 12+·2PF6

− (0.020 mM) in CH3CN treated
with increasing HP2O7

3− concentrations (TBA+ salt; from 0 to
0.026 mM) as per Figure 3,as well as titrations at [12+·2PF6

−]
= 0.005 mM,were used to verify the modeland are shown in
Figure 14. Data from a number of other titrations ([12+·2PF6

−]

≤ 0.020 mM) were also used to verify the model (cf. SI). All of
the experimentaltitration data sets proved consistent with the
simulated values(the adjusted R2 valueswere found to lie
between 0.999 and 0.997).On this basis,we suggest that the
mixed 2:1 and 1:1 (u/PPi) binding modelproposed above
provides a reasonable basis forquantifying the EDIE effects
seen when macrocycle 12+ is treated with the pyrophosphate
anion under conditions of photoexcitation.

EDIE-Based Anion Sensing and Underlying Assump-
tions. To explore the selectivity of 12+ as a turn on
fluorescence probe forother anions,analogousfluorescence
titrations of12+·2PF6

− (0.020 mM) in acetonitrile (λex = 334
nm) were carried out with three other oxoanions (H2PO4

− and
HSO4

− as their respective TBA+ salts;HCO3
− as its TEA+

salt). A strong response (fluorescence turn-on) was seen in the

case ofH2PO4
− (cf. Figure S32).A less effective,but still

notable,response was seen in the case ofHCO3
− (cf. Figure

S33).In contrastto what was seen in the case ofHP2O7
3−,

where a 1:1 complex dominates in the presence of excess guest,
curve fits to the titration results were consistentwith a 1:2
(H:G) binding stoichiometry in the case ofH2PO4

2− and
HCO3

− . Support for this suggestioncame from mass
spectrometric studies(cf. Table S4),as well as from solid-
state structuralanalyses (vide inf ra).

Little, if any,increase in the fluorescence intensity was seen
when analogous titrations were carried out using a variety of
other anions (i.e.,HSO4

− SCN−, N3
−,F−, Cl−, Br−, and I−; all

as their respective TBA+ salts).In the case of TBANO3, little
immediate response was seen upon treatment with 100 molar
equiv. However, when an initial 0.020 mM acetonitrile solution
of 12+·2PF6

− was treated with a large excess ofNO3
− (100

mM), the fluorescence intensity was seen to increase over the
course of roughly 90 min (Figure S52). This finding is ascribed
to the nitrate anion being a weak competitive inhibitor that is
able to disaggregate the excimerof 12+. That this process
occurs slowly could reflect what are presumably poor binding
thermodynamics.In fact, the Ka correspondingto the
interaction between12+ and NO3

− proved too small to
measure reliably (see discussion below).

A series ofcompetition studies were then undertaken with
[12+·2PF6

−] = 0.020 mM in CH 3CN and λex = 334 nm (cf.
Figure 15 and the SI). These revealed little effecton the

maximalfluorescence intensity when titrations with HP2O7
3−

or H2PO4
− were carried out in in the presence of a large excess

of SCN−, N3
−, F−, Cl−, Br−, I−, or NO3

−; again,12+ was found
to function as a good “turn-on” fluorescencesensorfor
HP2O7

3− (and H 2PO4
−), the presenceof these potential

interferants notwithstanding.However,it is important to note
that the HP2O7

3− and H2PO4
− were cross-competitive and

acted asinterferantsfor one anotherunder these standard
titration conditions (cf.SI).

From the UV−vis titrations with [12+] = 0.005 mM (for
HP2O7

3−) and 0.020 mM (for the other tested anions),Ka1

Figure 14. Experimentaldata obtained from EDIE experiments
carried out at (a) 0.020 mM and (b) 0.005 mM in 12+ are given as
black points while the simulated values calculated pereq D15 are
shown as red crosses. Other simulated Fobsvalues were also calculated;
they are tabulated in the SI. The adjusted R2 values were 0.999 for (a)
and 0.998 for (b).

Figure 15. Anion induced immediate fluorescence response seen
immediately after mixing 12+·2PF6− (0.020 mM) in CH3CN (λ ex =
334 nm) with the indicated anion.Note: The use of 100 molar equiv
of HCO3

− (2.00 mM) was found to induce precipitation.Therefore,
only 20 equiv were used in these studies.Except for HCO3− (used as
its tetraethylammonium salt,TEA+), all anions were studied as their
respective TBA+ salts.
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values corresponding to the formation of 1:1 complex could be
derived for severalof the oxoanions and were found to follow
the order HP2O7

3− > H2PO4
− ≫ HCO3

− > HSO4
−. In the case

of NO3
−, SCN−, N3

−, F−, Cl−, Br−, and I− the binding
thermodynamicsproved too smallto quantify. For the 1:2
(receptor:anion) complexes,the Ka2 order wasfound to be
H2PO4

− ≫ HCO3
− > HSO4

− (see Table 2 and the SI).
The Ka values calculated on the basis of UV−vis

spectroscopictitrations assuminga 1:1 (H/G) binding
model for HP2O7

3− and mixed 1:1 and 1:2 model for
H2PO4

− and HCO3
− (cf. SI). In the case of HP2O7

3− and
H2PO4

− it proved possibleto obtain concordant Ka (for
HP2O7

3−) or K a1 (for H2PO4
−) values via ITC analyses even

though higherconcentrationswere used and the effectsof
higher order aggregation could not be discounted.The values
from these independent studies are included in Table 2.It is
important to note that these measurementsare probing
ground-state interactions not EDIE per se.

Interactions between 1 2+ and Anionic Guests in the
Solid State. To obtain further insightsinto the presumed
interactions between 12+ and various anions, efforts were made
to obtain a series of single crystals suitable for X-ray diffraction
analysis.Toward this end, solutions of anion exchange
products in a mixture ofwater/acetonitrile (1:1,v/v), water/
(N,N-dimethylformamide (DMF;1:1,v/v), or water/dioxane
(1:1, v/v) were subject to slow evaporation.This allowed
crystalsstructuresof [12+·H2P2O7

2−·4H2O], [12+·2H2PO4
−·

7.5H2O], [12+·2HCO3
−·dioxane·2H2O], and [12+·2HSO4

−·
1.5CH3CN] to be solved (see below and the SI). The
structure of the pyrophosphatecomplex was presented
previously and taken as initialevidence that treatment of12+

with H2P2O7
2− would induce disaggregation ofexcimer(cf.

Figure 4e and accompanying discussion).The other anion-
containing structures are discussed below.

The solid-state structure of 12+·2H2PO4
−·7.5H2O revealed a

1:2 receptor:anion stoichiometry consistentwith what was
inferred from the solution-statestudies discussedabove
(Figure 16). The phosphate anionsexist in the form of a

cluster that,based on the metric parameters,is stabilized by
O−H hydrogen bonds between neighbor anions.Charged and
neutralC−H hydrogen bonds between the imidazolium and
benzene ring(s) of12+, respectively,and O atoms present in
the anion cluster,as wellas anion−π interactions,may also
play a role in stabilizing the overallstructure.A key point is
that in this complex,as true for the pyrophosphate anion
complex,little evidence ofclose receptor−receptor contact is
seen.The contrast with the anion-free forms (cf.Figure 4a−d)
is noteworthy and provides support for the suggestion that the
solution-phase binding of HP2O7

3− will serve to break up the
excimer forms of 12+.

The structure of the [12+·2HCO3
−·dioxane·2H2O] complex

revealeda 1:2 receptor: anion stoichiometry,a finding
corresponding to the resultof a solution-phase Job plot(cf.
SI). In the solid state, two HCO3

− molecular anions interact to
form a dimeric structure (HCO3−)2. This subunit is stabilized
via two hydrogen bonds involving neighboring HCO3

− units.
One of the HCO3− anions is complexed directly with 12+ and is
held via C−H interactions involving 12+ and an O atom of the
bound HCO3

− anion,even though this substrate fills only part

Table 2.Interactions between 12+ and Anionic Species in Acetonitrile at 298 Ka,f

Ka

guest [H]/[G] UV−vis ITCa fluorescence
HP2O7

3− 2:1 − − (4.1 ± 0.2) × 106 M−1

1:1 (4.7 ± 0.1) × 106 M−1 (1.3 ± 0.1) × 106 M−1 (2.2 ± 0.2) × 108 M−1

H2PO4
− 1:1b (2.3 ± 0.1) × 106 M−1 (2.0 ± 0.2) × 105 M−1 −g

1:2c (4.7 ± 0.1) × 1013 M−2 e (2.0 ± 0.2) × 1010 M−2 −g

HCO3
− 1:1b (1.2 ± 0.1) × 103 M−1 − −g

1:2c (9.9 ± 0.1) × 106 M−2 −g

HSO4
− 1:2 − − −

other tested anionsd − − − −
aITC titrations were carried outunderhigherconcentrations,and yielded smallerKa2 valuescompared with the resultsfrom UV−vis and

fluorescence titrations. This is ascribed to the effect of aggregation.b,cEquations governing the relevant equilibria: (b)[ ] + [ ] [ ]H G HG
Ka1
 H Ioo and (c)

[ ] + [ ] [ ]HG G HG
K

2
a2
HIoo . dOther tested anions include NO3

−, SCN−, N3
−, F−, Cl−, Br−, and I−, all as their TBA+ salts.eIt is noteworthy that a higher

value for Ka2/K a1 larger than Ka1 is seen in the case of H2PO4
− and HCO3

− under standard titration conditions ([12+] = 0.020 mM) as determined
from UV−vis spectroscopic titrations. This finding provides additional support for the proposed 1:2 binding mode, which may benefit from positive
homotropic allostery.24 fAll errorsare fitting errors.gFluorescence spectroscopic titrationsof H2PO4

− and HCO3
− appearto involve more

complicated processes.Currently,we are unable to calculate Ka1 and Ka2 values reliably from the emission data.

Figure 16.Single-crystalstructure of12+·2H2PO4
−·7.5H2O showing

(a) the interactions between 12+ and the bound H2PO4
− anions and

(b) a side view shown in stick form showing the anion cluster that
serves to separate individualunits of 12+.
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of the core (cf. Figure 17a,b and SI). Interestingly,examples of
structurallycharacterizedimidazolium-basedHCO3

− com-

plexesare limited.25 Thus, this structure may contribute to
our understanding ofthe design features needed to recognize
this all-important anion.

The structure of 12+·2HSO4
−·1.5CH3CN was also solved.It

revealed binding modes similar to those seen in the case of the
HCO3

− complex; again,one of two HSO4− anions present in a
dimeric anion pair (i.e.,(HSO4

−)2) also interacts with 12+ via
what are presumed to be strong hydrogen-bonding interactions
(cf. Figures 17c,d).As above,the presence ofthe hydrogen-
bonded anions may reflect a reduced propensity to stabilize a
dimer form capable offorming an excimerunder solution-
phase conditions.

■CONCLUSION
In summary,we describehere the use of an excimer
disaggregationinduced emission(EDIE) strategyfor the
“turn-on” solution-phase fluorescence-based detection ofthe
HP2O7

3− and H2PO4
− oxoanions. The system relies on the use

of a pyridine imidazolium-based anion receptor 12+·2PF6
− that

displays little propensity to aggregate in the ground state,but
which forms a poorly fluorescentexcimer in acetonitrile
solution. The HP2O7

3−, H2PO4
−, and to a lesserextent

HCO3
−, anions are effective atbreaking up these aggregated

species.This leadsto production of fluorescentmonomeric
anion complexes whose structure precludes efficientaggrega-
tion. Other anions produce little response.As a result,good
selectivity isobserved.For instance,0.02 mM acetonitrile
solutions of 12+·2PF6

− can be used to detect HP2O7
3−

efficiently even in the presence of 100 mM Cl−. This selectivity
is reflected in the calculated affinity constants.For instance,
Ka(HP2O7

3−):Ka(Cl−) > 10000. Support for the proposed
EDIE mechanism came from single-crystalX-ray diffraction
studies thatrevealed break up ofdimerized anion-free solid-

state structures in the presence of various anions.On the basis
of the results presented here,we propose that disaggregation-
based strategies involving excited-state species may have a role
to play in the design of new sensor systems.
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