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ABSTRACT: A new approach to anion sensing that involves \ . e
excimer disaggregation induced emission (EDIE) is report 4*’**334 m = @ =
It involves the anion-mediated disaggregatidch@g&xcimer i et Aggregated
formed from a cationic macrocydikis leads to an increase :

in the observed fluorescence intensityhe macrocycle in I =HP,07> @ =H,PO;
question, cyclo[ 1]\, N°-dimethyl-N,N°-bis(6-(1H-imidazo- \ (1, ® A & === other anions
lium-1-yl)pyridin-2-yl)pyridine-2,6-diamine[1]1,4-dimethylt } ' Vg

benzene (f; prepared as its PFalt), is obtained in ca. 70% 1 3 *’**3&,\. A\ «g~

yield via a simple cyclizationX-ray diffraction analysesf A - D\ o \Disaggregat;dmmdmg
single crystals revealed that, as prepared, this macrocycle exists 4 \x “ON

in a supramoleculapolymeric form in the solid state.

Macrocycle1?* is weakly fluorescentin acetonitrile. The

emission intensity is concentration dependent, with the maximum intensity being ob%&r@d020 M. This finding is
ascribed to formation ofin excimerfollowed possibly by higher order aggregates as the concentratidhisfincreased.
Addition of tetrabutylammonium pyrophosphate (}8P°") to 1 2* (0.020 mM in acetonitrile) producesa ca. 200-fold
enhancement in the emission intensity &334 nm; A, = 390-650 nm).These findings are rationalized in termdhef
HP,0,*" serving to break up essentially non-fluorescent excited-state dirfieitsrofigh formation of a highly fluorescent
anion-bound monomeric complé%HP,0,>". A turn-on in the fluorescence intensity is also seefP@y ldnd, to a lesser
extentHCO;™. Little (HSO,~, NO;3™) or essentially no (f, SCN, F~, CI", Br and I') response is seen for other anions.
Solid-state structural analysis of single crystals obtained after #femitingiP,0,>~ in the presence of water revealed a salt
form wherein a BP,0,%~ anion sits above the cone-like macrocycle.

A

.INTRODUCTION (PET)? excimer/excipleX, fluorescenceesonanceenergy

1 12
Considerable efforhas been dedicated to the design and transfer(FRET), " intramolecularchargetransfer(ICT),

synthesisof receptorsfor the recognition and sensingof excited-state intra-/intermolecular proton transfer (ESIPT),

oxoanion speciésPagticuIarIy importanbxoanionsinclude 3gse?cgp?;aegna’:tg‘n:g?/vuCmfé?\ﬁﬁ;gr?](sp}lcsr).zeri?r\:\éerveerrr{at\?nes
EZLZQZ?Z@S% ,(??J hi;d?g(sjlzcl)fzrt]g ?ﬁgeg)a G‘Iﬂ)h%sé’ sb;;((:a?:ges important.We pelieve itcould contribute to th_e generalized

play important roles in living organismsand are widely ~ Problem of anion sensing beyond the specifiproblem of
distributed in the environmerit.Thus, there is considerable ~ ©X0anion recognitiori Here we reportwhat is to the best of
interest in the development sfmple systems that willlow ~ OUr knowledge new approach to anion sensing that involves
for the detection of these and related anionicspecies. A excimer disaggregatiofinduced emission(EDIE). Briefly,
number ofelegant sensors for BB~ H,PO,” > HCO; ° disaggregatiomediated by anion bm@mg_ in aceton|trl|le,

and HSQ; 7 have been reported in recenyears Many of conv_erts a weakly qupr_escgnt species into one _W|th

these have relied on signal transduction mechanisms, wheréiRiderably greatemission intensityThe net resultis an
binding eventis translated into a change in an opticalor easy-to-discern increase (“turn-on”) in the overall fluorescence
electrochemicadutput® Other mechanisméhat have been
exploited in the contextof developingso-called “turn-on” Received: August 212018
fluorescentsensorsinclude photoinduced electron transfer  Published: February 242019
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signatureThe presentapproachsummarized graphically in
Scheme 1¢ould provide a usefutomplemento strategies

Scheme 1Anion Recognition Modes and Schematic View
of the Excimer Disaggregation Induced Emission (EDIE)

bis(bromomethyl)benzengave 12*-2Bf. Following anion
exchangevia treatmentwith NH ,PF; in water, the target
system 1" (as its bis-PE salt) was obtained in up to 70%
yield.

Macrocycle % is comprised of two “halvebyth of which

were expected to impart anion recognition capabiti/top
“half” consistsof an N2 N¢-dimethyl-R N°-bispyridin-2-y)-
pyridine-2,6-diamine moiety (blue part &fith Scheme 2)a
subunitthat has previously been demonstrated bsing an

Sensing Mechanism Proposed fo%”'-QPFe‘
- Q 53

=HP,0;* v’ effective intermolecular hydrogen bond accepiér.A 1,4-

moncmer ms . ;="2P°ﬂ' bis((1H-imidazolium-1-yl)methyl)benzefed part of 12+
RS A 4 "o ?lsag3%r:gated shown in Scheme 2) makesup the lower half. This latter

Ao =334 nm o e oniteil fragment contains both cationic imidazolium and neutral

Highly Selectivity benzene C-H potentiahydrogen bond donordvlacrocycle

12* was thus expected to function as an anion receptor under
appropriate condition§he two halves ofi** are bridged by
single bondslt wasanticipated thathe 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 macro&cle 1
came fromH NMR and two-dimensional nuclear Overhauser
effect spectroscopy (NOESY) studies carried out at 298 K in
with the exception of early work from our gtditmas rarely  CDsCN-g; (cf. Supporting Information (SI)Dnly one sezt of
been exploited for anion sensmg high-resolution signals is seen irthEMR spectrum of?1.

The dimeric excimer used in the present study is produced” the NOESY spectrum,correspondingsignals between
by dissolving the bis-BFsalt of a new pyridine imidazolium  H(1,4) and H(6), as wezllas H(1,2) and H(8),are observed.
macrocycleyamely cyclo[1]RIN-dimethyl-R,N°-bis(6-(1H- We t_hus propose that1<” is su_bjectto dynamic motion in
imidazolium-1-yl)pyridin-2-yl)pyridine-2,6-diamine[1]1,4-di- Solutionat least on the NMR time scale. ”
methylbenzene #4), in acetonitrile at concentrations >0.010  Further supportfor the conformationalflexibility of 1
mM and subjecting it to photo-illumination (% 334 or 415  came from single-crystal X-ray diffraction anzSpem‘chlly,
nm). As discussed beloaddition of oxoanionic species leads two differentsetsof diffraction-grade single crystaié 1°*
to a turn-on in the fluorescence &f, with the HRO,*~ and 2PFK; ~Wwere obtamecdependmg on the spemﬁq crystallization

H,PO,” anions (both as theirtetrabutylammonium (TB7A conditions employed (c&l). Different symmetrie€ vs G,
salts) proving particularly effectivéittle interference from ~ WEre seen in the resulting structuvhs;h proved to be those
other anions is seefihese results are rationalized in terms of ©f 12“2PR -2CH;,CN-0.25HO and 1 2*-2PF;"-dioxane re-
competitive binding (self-association vs anion recognition) ag@ectively (Figure 1). Two different bowl-like cavities were also
are supported by solid-state structaralyses. seen in the two structures. However, in both cases, the pyridine

nitrogen atoms and the two imidazolium C-H bonds on the
.RESULTS AND DISCUSSION (6-(1H-imidazolium-1-yl)pyridin-2-yhoieties point to the
Synthesis and Structural AnaIyS|s of 12*. Macrocycle

1?* was synthesized ashown in Scheme?2. Following a
procedure reported in the literatufé:>° N2 N°-bis(6-bromo-
pyridin-2-yl)-N,Né-dimethylpyridine-2,6-diamine (2) was ob-
tained in a totalield of 72%An UIImann coupling was used
to generate h\>-bis(6-1H-imidazol) AN°-dimethylpyridine-
2,6-diamine(3) in 94% vyield.?" Reaction of 3 with 1,4-

Disassociation

- - /| \ 200 times!!
200 @"Off" ;200 / "on"|
= |excimerlexciplex =

0

0
400 500 600 400 500 600
wavelength (nm) wavelength (nm)

involving the breakup of ground-stateaggregaté$. The
importance of the latter mechanism hasrecently been
underscored in the contextf sugar recognitio. However,

11.408A

10.299A

=l

Scheme 2Synthesis of Macrocyclé*t2PF,

\11,/

=

(1) Br N“ > Br P \H b
A tBuOK THF B N/ (b)
| e
HN7 NZSNH (2) Mel K,CO,, Cul,
r L-Proline,

t-BuOK, THF, 60°C
72%  DMSO, 120°C

5
1M1 T
|
VL O 39\\194 .
\\/ D CH,CN, reflux 8@ q

§ (2) NH,PFg, H,0 2 (—71 ﬁNj

10 70%
3 1 2+

U Figure 1.Top (ellipsoid representation) and side (stick representa-

tion) views of1?* seen in the single-cryssatuctures ofi*-2PFK
2CH,CN-0.25H0 and #"2PR -dioxane shown in (d}) and (b),
(d), respectively.
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bottom of the bowl (cf. SI). The aromaticrings on the %
opposing N,N-dimethylpyridine-2,6-diamiraad 1,4-dime- 1.51
thylbenzene fragments are also oriented toward the bottom of
the bowl(cf. SI). The net result is a set of structufedtures,
including the orientation oseveraputative C—H hydrogen
bond donorsthat were expected to maké*teffective as an
anion receptor.

Pyrophosphate Anion Binding Properties of 12",
Based on considerationf size and geometry, HP,0,%
(TBA* salt) was chosen asa first oxoanionicguestwith
which to test the anion binding properties?f UV-vis and 0.01 . ;
'H NMR spectroscopic methods, as well as isothermal titration 200 300 400 500
calorimetry (ITC), were then used to probe the interactions in wavelength (nm)
acetonitrile (or acetonitrilesd A Job plot analysis based on . . o P
the UV-vis spectroscopic changes observed as a function ofe'gg;cej ezd aﬁ%ﬁggn:@?g%md(g?: Cr:(dl?f g, 3%13 g ?ﬁlt\;lag; d1 Iin2eF)),'%O.020

concentration ([H] + [G] = 0.050 mM) revealed a peak value p\y piue line), 0.040 mM (green line), and 0.080 mM (pink line) in
at a mole fraction 0f0.5. Clean isosbestic behavior was also acetonitrilelnset shows the normalized spedttahsity at 319 nm

1.0

0.0 05 1.0 L5 20 25
(17 (mMm)

0.5

Absorbance

seen.On this basis,we proposethat a 1:1 (host/guest) (=) recorded over the 1.00 x3@M and 2.56 mM) concentration
stoichiometry besfescribes the binding interaction between rangeThe red line corresponds to an associated linear fit (created via
12* and HRO;*™ (cf. SI). the linear expression Ahs,m = (13.9 + 0.2) x [#] with adjusted

Further support for the proposaat receptor ¥ is able to R = 0.997) assuming Beer-Lambert behavior.
interact with HBO,®>~ came from a mass spectrometric study.
In particular,a peak with an m/z of702.1749 was observed 300 —
under conditionsof electrosprayonization high-resolution . Jesmietee
mass spectrometry(ESI-HRMS) from an initial aqueous ’ g
solution containing #* and HP,0*~ (vide inf ra). Such a
finding is in accord with whatwould be expected foa 1:1 200+
complex formed between?t and HP,0,*" (calculated for
C3H3NgO;P,; [12HP,0,%7]™ = 702.1749)) in the gas phase
(cf. SI). Diagnostic shifts in th#d NMR spectrum were also ~ 100-
seen when HP-,®>~ was added into an acetonitrijesdlution .
of 1*-2PK" (cf. SI).

The charged nature & fed us to consider that, in analogy
to what proved true for protonated sappHyaind europium- 1
adjusted carbon ddtsthis flexible macrocyclic receptor might 4(')0 5(']0 600
prove effective as a disaggregation-based séursibre four wavelength (nm)
test oxoanions for which spectroscopic evidence of binding was
obtained (videinf ra). As a predicate to these studieswe Figure 3.Fluorescent emission spectra sblution containing’*
soughtto explore whether? was appreciably aggregated in 2P~ (0.020 mM) in CH,CN as a function ofncreasing H®,*~
acetonitrile solutiomitial tests involved Beer-Lambert plots. concentration (TBAsalt; from 0 to 0.026 mM) at 298 K, = 334
Over a wide range of concentrations,no appreciable ~ "™M-Voltage = 400 \&ntrance slit width = 5 it slit width = 10
differences in the extinction coefficients were seen (Figure 2H$r;2§§tnfg ?:t/:rt]r;ﬁyng{@i@%ngé%ggmngse&nnr:]h(e integrated
and Sl, FiguresS10 and S11).Likewiseno charge-transfer
(CT) band corresponding to ground-state aggregation was
seen at higher concentratioBs. this basisye conclude that  (i.e.,repeated scans under conditions of fluorescence analysis;
the ground-state form df* is not appreciably aggregatiéd.  cf. Figure S35).
wasthus not expected to function as fluorescenturn-on Since #"-2PK~ onits own displayslittle in the way of
sensor based on the simple breakup of ground-state aggregéitesescencet least as a 0.020 mM solution in §N, and

When irradiated at a.,A= 334 nm,0.020 mM solutions of  the pyrophosphate salt itself is likewise non-emissive, the above
12*:2PFy” in CH4CN proved essentially non-emissive.  quantitative analysis leaves unanswered the specific origin of
However the fluorescence emission intensity wiasind to the increase in fluorescence emission intensity observed as
increase monotonically as a function infcreasing HRD,*~ HP,0,*" is added to 0.020 mM solutionsof 12*2PF" in
concentration (TBAsalt; from 0 to 0.021 mM) at 298 K (cf. CH,CN. As a first step in an effort to understand the
Figure 3).An effort was then made to quantify the presumed underlying determinants, the packing diagrams of the
interactions.Toward this end, the integrated fluorescence structuresof [12*2PF -2CH,CN-0.25H0] and [1 2*-2PF -
intensity between 395 and 650 nm was plotted as a functiondibxane] discussed above were analyzed. This analysis revealed

0.00 025 050 075 100 125
[C1/[H]

a.u.)

HP,0,*~ concentration with [17?*2PF"] held constantat interactions between neighboring macrocycles (Figure 4a—d).
0.020 mM (Figure 3 inses). Single crystals of the pyrophosphate salt were then grown. The
Importantly,the fluorescenffeaturesof any given setof resulting structure $4H,P,0,>-4H,0] revealed a sitting-top
solutions produced by adding HP,0;*~ to acetonitrile anion complex and reduced interactions between the
solutions of1>*-2PF;” proved highly reproducibloreover, individualmacrocycle¢Figure 4e and Sl). Although not a

no appreciable changes in the emission values were observedoof, such a finding lends support to the suggestion that break
even after subjecting the solutions to 30 independent analysap of an excimercontributesto the pyrophosphate anion-

4599 DOI: 10.1021/jacs.8b09021
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! ’ / | , when the concentration &f-2PF; is higher than 0.030 mM, a

{ | /“Q’\? Q\Oﬁmf\gj] finding consistent with the formation of an excimer§t.
CKU? Lﬁ [ \/‘ { 2The above findings lead us to suggest that individual units of

| CN 7] ; 14* dimerize to form excimerswhich might possibly self-
M{/Cj\b)o LLQ\/@\'/O\O associate furtheto form higher order aggregatesNormal-
] 4 (b) ization ofthe data across the futbncentration range reveals

(a)/ that it is the monomeric form that is most fluorescent (highest
y quantum yield) on a per mole basis. Therefore,it was
3.6A 3.6A tentatively concluded that addition of pyrophosphate serves to
(c) (d)
Y ]

break up the aggregated forms f particularly the dimeric
excimer that is expected to dominate over most of the 2.50 x

't‘;,: % & ,,..,: 10* mM to 0.100 mM concentration range associated with
¢ . ) bt this study. Efforts were thus made to study this proposed
A =N phenomenon in detail.
\% B ) More direct evidence for excimer formation in the case of
W () 12*-2PF came from experiments involving excitation at 334

and 415 nm, respectivelyExcitation at 334 nm led to a
Figure 4. Single-crystaX-ray diffraction structuresf [12*2PFK - monomer-like emission at 415 nas, wellas a weak excimer
2CH,CN-0.25H0] shown in top (a) and front (c) views; PP - emission ataround 500 nm when the concentration df*-
dioxane]shown in top (b) and front (d) views,and (e) [1** 2PF; is high (larger than 0.030 mM). In contrast, excitation at

H2P,07”"4H,0]. Close contacts between individurts neighbor- 4415 nm gave rise to emission at 480 nm over a wide range of
ing macrocycle€™units (shown with orange double headed arrows)concentration$Figure 6). When the concentration of12*
are observed in the first two of these three structures. A ) . . X

2PF; is higher than 0.32 mMa linear relationship between
the fluorescence intensity at 480 nm and the concentration of

12*.2PFK" is observed.

induced increasein fluorescencentensity seenin dilute Additionalsupportfor the proposed excimer formation in
acetonitrile solution. the case oft>* came from excitation spectraiudies When
Monomer—Dimeric Excimer Equilibrium Model. The scans were carried out with monitoring gt# 415 and 480

fluorescence emission feature$ @PFK" were then analyzed nm (cf. Figures S14 and S15}he excitation profile proved

in detail overa wide range ofrelatively low concentrations, ~ similar to that of the UV-vis spectrum &f-2PF;", provided
namely from 2.50 x THmM to 0.100 mM in acetonitril&t the concentration of*12PF;~ was kept lower than 0.100 mM.
the lowest of these concentrations a non-aggregated form whigreasing the concentration ¢-2PF~ from 0.001to 2.56
expected to dominaf€hus,an excitation wavelength jlof mM led to a decrease in the intensity of the peaks at 270 and
334 nm,corresponding to the maximum emission intensity at300 nm seen in the excitation scans recorded@if ] <

415 nm of the monomeric formas used-or a well-behaved 0.100 mM.These latter peaks were essentially abséftie
systemthe intensity wasexpected to increase linearly with  highestconcentrationsMeanwhile the longestwavelength
concentrationThis was not seen (Figure 5). In fact, the feature at 372 nm was seen to undergo a red shift to 390 nm as
maximum fluorescence intensity for the monomer (integratedhe concentration increasadth a commensurate increase in
over the 390-650 nm spectraregion) wasseen when the  spectraintensity being observed (cFigures S14 and S15).
concentration ofl>*-2PF~ was 0.020 mMThe fluorescence  Taken in concerthese findings are consistent with a dimeric
intensity then decreases as the concentratiotf 62PF is excimer being stabilized at relatively high concentrdtioss.
raisedMeanwhilea new shoulder appears at around 500 nm species displays a maxinilalorescence intensity 480 nm

20000

240 2eeins
2401 (*1=0-0.020mM __[1¥1=0.03mM-0.1 mM S,
gl 15000{ ¢ -

A new shoulder peak ~ °

corresponding to excimer —_ I L .
3 100004 2 *
s
\lk

5000- N
; [1%1=0.020 mM
04
400 500 600 L 500 600 0.000  0.025 0050 0.075 0.100
wavelength (nm) wavelength (nm) [1%](mMm)

(a) (b) (c)

Figure 5.Selected concentration-dependent fluorescent emission spedtePfgr 4re 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 vatied from 2.50 x
mM to 0.100 mM in acetonitrile®(). As discussed in the tettijs emission intensity is ascribed to the monomeric féfin &1, = 334 nm,

voltage = 900 V, entrance slit width = 5 nm, exit slit width = 10 nm. Note: The fluorescencé'QRfigtratafohcentrations of 0.001, 0.010,

and 0.020 mM were independently remeasured (scanned) 30diamgsreciable differences were seen upon repeat sd¢aimiagds us to

suggest that the system is stable under the study conditions.

4600 DOI: 10.1021/jacs.8b09021
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0

600 700
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500 800

intensity atthe excitation wavelength &34 nm interacting
with 1%* and reflectsthe absorbancgA) value at that
wavelengthhv, is the integrated emission intensity over the
390-650 nm spectral region. Parametéysk, k, and kare
rate constants of the individuslut inter-related) elementary
reactions.In this model, the effectsof media (including
solventacetonitrileand counteraniorRPF;") are ignored,as
are the potentiatffects of higher order aggregatésis, it is
assumed thathe sole aggregation produof 12* (u) is the
non-fluorescent dimeric excimg. u

At the limit where the total concentration 3f(t) is zero
([u] o—0), elementary reactions involving u,* (namely

Figure 6.Concentration-dependent fluorescence emission spectra @ementaryeactionsv and v) may be ignored. Thus, the

12*2PF" in acetonitrile recorded from 2.00 %*48M to 2.56 mM
using A= 415 nmVoltage = 700 \éntrance slit width = 5 nexit

slit width = 10 nminset shows the corresponding chamgin (the
emission intensity value at 480 nm as a function of concentration.
red line was created using the linear expresgiggil, = (88.0 +

1.0) x [1%] + (32.7 % 0.7), giving an adjusted R 0.998.

when photoexcitation isaffected at415 nm (cf. Table 1).
Importantly, it is substantially less emissive than the
monomeric form as noted above.

Table 1.Excitation Wavelengths () and Maximum
Fluorescence Intensity Wavelengths &f {A.y)

species Aex (Nm) Aem (Nm)
12+ 334 415
(12, 334 ~5007
415 480
12-HP,0%" 334 445

®A shoulder located at around 500 nm is observed when the
concentration of?1:2PFK” is larger than 0.030 mM.

Quantitative analysesof the concentration-dependent
fluorescencaspectralfeatureswere then carried out in an
effort to determine the contributionsof the monomerand
excimerof 122PF", respectivelyto the overallemission
intensity.

To test whether a simple monomer—dimeric excimer model le(monomer)

could be used to describe the experimenibglervations seen
in acetonitrile at relatively low concentrations{f2PF;] =
[u]o=2.5 x 10* mM to 0.020 mM)the following elementary
reactionsvere considered in the contexdf a globalkinetic
analysis:

hoo* .
u+t hyy— u (i)
x Jp
u - hl/2

(ii)

S MSw M (i)
k

* 2
+u-> up

u

’ (iv)
Y M2 +
) M->% u+tM (v)

where u is?f in the ground state; u* i€*in the excited state
underirritation (Ao = 334 nm); w* is the non-fluorescent
dimeric excimerof 12*; Mis media which induced the
relaxation othe species in the excited statey; is the light

4601

theoreticabuantum yield othe emitting monomeric species
12* (i.e., Gumonomer) Can be calculatedusing elementary
reactiong—iii. Accordingly,only monomericspecieswere
domsidered in the following equilibrium expression (eq 1):

(1)

Here, [u], is the total concentration of1%*; [U] monomeriS the
concentration of the monomeric forms’bénd is the sum of
12* in the ground state (i.gy]) and in the excited state (i.e.,
[u™)).

With [u] (0, the observed emission intensityF,,s =
Fl,-0) can be expressed as eq 2:

[”]0 = [14]monomer= [u] +[u"]

Fuy-0 K

A )

Ineq 2, f;,.o is the absorbance &t 4t 334 nm, a value that

obeys the Beer-Lambert law (vide supra and eds3hoted
aboveF, =4.87 x 106, A, =0.0104,and ¢ = 0.556 are,
respectivelyhe detected emission intensity between 390 and
650 nm, the absorbance value 384 nm,and the quantum
yield of a referencestandard (i.e.,a solution of quinine
bisulfate in 0.1 N sulfuric acid].

Ay = glulo!

AL,

- 0¢u(monomer)

)

Combiningegs 2 and 3 gives the equilibrium expression
governing Qmonomen@s €q 4:

_ Fu o dts
Eu[u]ol FS

(4)

A plot of F,d[u] o vs [u], was then used to determine
®umonomery The linear analysisof Fyd[u] , at the low
concentration (2.50 x 10 mM to 6.00 x 10™* mM) gave
the value of 4[u]  under [u~0 as the intercepfThen eq
4 was used to give the value Qffnomenas eq 5.

Linear fitting in Figure 7b and eq 4 thus gave
3.42+ 0.36)x 10 (5)
Accordinglya value of §monomen= 3.42 x 10* was used for
the ensuing analys@e error in the curve fitting is c40%
and was ignored in these latter calculations.

Considering elementary reactiongheifpllowing relation-
ship could be derived as eq 6:

*

qz(monomer) = (

d[u ] - _ . 1 *
dt - |}1 u ]2[” 1= k{u] (6)
A quasi-steady-state assumption was then made resulting in eq
7
DOI: 10.1021/jacs.8b09021
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2.3‘:

\

e,
**esensee

F,p./ (10°[u]))

Equation y=a+b'x Standard

"
1.49E8 3.16E6

Fops / (10% [u],)

b A09E11  7.03E9
Adj.RSq 0984 =
uare i

0.4 0.5
[u], (*10° mM)

(b)

Figure 7.Plot of Fd[u] g vs [u) (a) and expanded view of the plot
for the data recorded atlow concentrationsshowingthe linear
relationship (b).

0.000 0.005 0.010 0.015 0.020 0.3 0.6
[u], (*10° mM)

(a)

diu’] _ . e
dt - [11 u] ]2[” ] @)

This allowed a relationshipbetween ®,monomer and the
parameters jand k to be expressed as eq 8:

k{ux"1= 0

2
jz + k1

= (3.42+ 0.36)x 10°*

q%(monomer)

(8)

With the analysis at [0 complete the monomer—dimeric
excimer model was used to treat the experimental data for

based on the elementary reactions i-v as follows:

diu” ) ok * *

od = gy~ T - T ©
] _ | e *

g kel Il = kdup ] (10)

As abovea quasi-steady-state assumption was made (eq 11):

dt dt (11)
Combining egs 9-11 gave eq 12 as follows:
—[uz*] = ﬁ = K,
Il ks (12)

C =
It was further assumed that the relationship between u, u*, and

W" can be treated as a chemieajuilibrium:
K imer
o hﬂo 5

Meanwhileggs 13 and 14 were defined (noteere [ul,, is
equalto [u] o):

(13)

[“]monomer: [u] +[ u*]

[#]monomer * 2 1"2*] = [ ulan (14)

Since y* is defined asnon-fluorescenin this model per
experimentadbservation (vide suprahe observed emission
is from Unonomer(i-€., ground-and excited-state forms f*;
see definitions aboveé)ccordinglyeq 15 could be set up as

follows:
E.

- S

b

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

E obs

Au(monomel’%(monomer)

(15)

4602

K obs = K S
Su[u]monome@(monomerg A5¢s (1 6)

Finally the totalconcentration of monomerié*{[u] monome!
could be related to f per eq 17:

[u]monomer_ AA_S@
gu%(monomer‘ F (17)
Equation 17 was used to generate eq 18:
[”2*] =[( ulan = [“]monome)/2 (18)

Equations 11 and 13 were then used to derive eq 19:
[ul = (kz[u]monomer_ J1 7y T ky+
\/(k2[“]monomer_ J1 "y T k1)2 + 4k2(j2 + k1)[”]monomer)

12k, (19)

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

0< ['42*] = [f 4lmonomer= Kdime[“*][u] =

[u]o = 0.020 mM. Toward this end, egs 9 and 10 were derived

Kgimel#] [ #Jmonomer™ [¢]) =

Kdime( k] monomer™ jy = Jjp = k4

+ kil manomer™ i = I, = K9 * 4y * k)l monomer)
12k,

* (2l monomer™ kdulmanomer* s + Jy * ki

- \/(kz[“]monomer_ Jy T T k1)2 + 4k2(j2 + k1)[“]monomer)

12k, (20)
The parameters B, and C were set as follows:
A=k, 1)
B=j,+ k (22)
= (23)
Equation 20 could then be expressed as eq 24:
[u;] = [f “Imonomer=
Kdime(Aﬁf‘ Imonomer= B = C
+ \/(Aﬁ" lmonomer= B ~ C)2 + 4AB ]monomer)/2A
x (A[”]monomer+ B+ C
- \/(AB" ]monomer_ B - C)z + 4AB[” ]monomer)le (24)

From the observedemission intensity values (F,,9 of
acetonitrile solutions containing different,julhe [U]monomer
term can be calculated from eq 1This allows [y*] to be
deduced through eq 18A plot of [uy*] VS [U] monomercOUld
then be fitted in a nonlinear fashion using edFxed values
of the parameters of A=4.47 ¥ND's' B=1.68¢,and

C =59.9 §' allowed the nonlinear fitting to be optimized (cf.
Figure 8).This gave a calculateg K, value of (5.48 £ 0.12)

x 10 M~", where the errors are the curve-fitting errors.
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Figure 8. Plot of [f] vs [U]monomedP1ack points)Shown in red is a

nonlinear fitting of the data per eq 25. Figure 10.Plot of [u], [u™], and [7] vs [u]

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

Concentration-dependent fluorescence studies of 1:1 or 1:10
mixtures containing 12+-2PF~ and 3TBA"HP,0;>~ were
carried out over the concentration rangeéncluded in the
analysisof the anion-freereceptorsolutions,namely [12*

From the result othe nonlinear fittinga series ofelative
parameter valugssj59.9 %', ,=1.56 8, k= 4.55 x 18s™,
k,=4.47 x 10 M™" s' and k = 0.12 §" could be derived.
Likewisea relationship betweenTuand [u] yonomercould be
established per eq 25:

[42'1= f([4]monome) = 3-5Tulmonomer+ 5:21% 10° - 2PF] as 1.00 x 10°° mM to 0.020 mM (A, = 334 nm in
> = = acetonitrile for emission)n the case of1:10 macrocycle to
1430 monome)” = 371% 10 Yl onomert 2.71% 10 pyrophosphateatio, the emission intensityshowsa good
(25) linear relationship with 42PF]. This was also true for the
From these parameters and using the relationship embodidd! mixture with the same emission intensity atery [£*
in eq 17, the simulated emission intensity (f) could be 2PF"] provided that the [1?"-2PR7] concentrationwas
calculatedThis was then compared with the experimegtal F 20.010 mM.
values as shown in Figure 9. The deviation seen for the 1:1 macrocycle to pyrophosphate

samples at lowef*12PF~ concentrations could reflect a lack
of full complexation, which would be expected to be essentially

20000+ complete under the other conditions associated with this set of
° experiments (Figure 11a and Si$upporting concentration-
15000+ dependent UV-vis spectsildies of these 1:1 or 1:10 {1
‘;:]0000_ 2PRJ/[3TBA *-HP,0;%7]) mixtures revealed a good fit to the
S Beer-Lambertrelationship (Figure 11b and SI). These
=+ 50004 findings are most easily interpreted in termthefformation
of a 1:1 thermostable complef?*-HP,0,*", overa limited
0 concentration regime (i.&0.010 [1?*-2PF"] < 0.020 mM)

0.000 0.005 0.010 0.015 0.020
[u], (mM)

28000

21008 [ul,,/ [PPi],, = 1:10

[ul,, / [PPi],, = 1:1

Figure 9. Plot of 5sand i, vs [u}. Experimental points are shown
in blackwhereas the red line is a simulation made per eq 17.

14000

I (au)

Absorbance

7000

\

[ul,, / [PPI],, = 1:10

[ul,, / [PPi],, = 1:1

0.0 T T T ™
0.000 0.005 0.010 0.015 0.020 0.000  0.005  0.010 0.015  0.020

Gratifyinglya good match between the calculated curve and ful, (mM) ful, (mM)
the experimental points was s&herefore, we believe that at (a) (b)
leastup to [1 2] = 0.020 mM contributions from possible
higher ordgr aggregated species (e.g_., trimers or tetramers) ﬁ@&re 11. (a) Change in the emission intensity between 390 and 650
be largely ignoredhereforeon the basis of eqs 1,13, 14, nm seen in the concentration-dependent fluorescent emission spectra

and 25, the relationship between [ulfu”], [u>®], and [uly  of 1:1 (red* ) and 1:10 (blue ) mixtures of 3"2PF~ and 3TBA
could be plotted in the form of a speciation diagram (cf. FigurP,0,%" in acetonitrile where the concentratiorf'aévaried from

10 and SI). 1.00 x 10° mM to 0.020 mMThe excitation wavelengthJ\was
Analysis of the Effect of Pyrophosphate Binding on 334 nm. The black line corresponds to an associated linear fit (created
the Fluorescence Features of ¥*-2PF,~ and Fit to a 1:1 via the linear expressigifo-es0 nmi= (1.3  0.1) x 18[12] with

Model. The key inference to be drawn from the above fitting " adjusted R = 0.999) between the emission intensity and the

efforts and the underlying experiments is that a disaggregatiBﬁf‘\fvie dnttf:af% ?11:(txoclztﬁgﬁgze?2%:5;22%;2?%2??&: :eserqrﬂhgélrt

; :  sli
of the excimer form .(or forms) will Iea_d to an elnhancement II'ionditions.of concentration-dependddV/-vis spectrabnalysiof

the emission intensity.We thus considered it likely that 1:1 (red ® ) and 1:10 (blues ) mixtures of1>*2PF and 3TBA:
speciessuch as oxoanionthat induced such disaggregation pp, 0.3 in acetonitrile where the concentratior‘d&varied from
could be detected via changes in the emission intensity of 11,00 x 10° mM to 0.020 mMThe black line corresponds to a linear
2PF . Accordinglywe setout to explore further the nature  fit with an adjusted R= 0.998 to a linear expression thesumes
and the extent of the pyrophosphate-inducedurn on Beer-Lambert behavioramely AQgig nmy = (21.0 £ 0.2) x [1%].
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as long as the pyrophosphate anion is present at least 1 mol d[wE] B

equiv. il Ul | 0 R O (M)
Although it was appreciated that the above 1:1 monomer-
dimeric excimer equilibrium modebuld not account for the dl(u-PPif] _ ' . )
full fluorescence spectral response when mixtufé2Bf! —a jaluPPl = j,[(uPPi] = kg (uPPif]
were treated with 3STBA*-HP,O,°~ in acetonitrile, it was (M5)
considered a good starting poirfor a possible quantitative oLu-PP]
analysis. The following elementaryreactionswere thus u - _ . T
considered in the contexdf an initial globalkinetic analysis dt KalullPPY = kPP = jgu PP
of the emission intensitiesbserved atvarying [HR,O,> "]/ T DD DD
[121] ratios: ’ + gl PPITT+ kel (u PPIf] (M6)
PR (M-i) diu’] _ dluz] _ dl(wPPif] _ dwPP] _
‘ dt dt dt dt (M7)
*
' Z o (M-ii) The relationship between [U]lu*], [U]monomer @Nd [Uy*]
L can be expressed in terms of [yl mer
SEMSw M (M-iii)
L [u] = (kz[”]monomer_ "o T ky+
utu S uy M-iv
2 ( ) \/(kz[u]monomer_ Jy T T k1)2 + 4k2(j2 + k1)[u]monomer)
% k
ug ¥ M=% u+ M (M-v) 12k, (M8)
u + PPi% - PP (M-vi) e
it ket k
wPPiZ 4 PPi (M-vii) Jp * ka k] (M9)
i *q kz *q *a
u.PPi+ hI/1 _}f (uPPI)* (M-VIII) [u2 ] - k_3[u][u ]_ KdimEI[u][u ]_
v 6_
(uPPIf 2w PPi+ hu (M-x) 35Tl monomer* 521 10

L \/14-3[“]monome)2 - 3.71x 10_5[74]monomer+ 2.71x 10"
(uPPij + M = -u PPi+ M (M-x) (M10)

where uu*, w*, M, hv,, and hy are defined as before; PPi is Equation M11 may then be derived from eqs M5 and M7:

HP,0,%"; u-PPiis the thermostable 1:1 complex betwe&n 1 j
. — 3
and PPi in the ground state; (u-PPi)* is the excited state of u- [(«'PPij]1= - " [«-PPi
PPi under conditionsof irradiation (A, = 334 nm); and Ja T R6 (M11)

parameters,ji, ki, ko, ks, ki, ks, J3, i, and  are rate constants  combining eqs M5-M7 gives eq M12:
corresponding to the individualut inter-related) elementary

reactions.Here, the effectsof media (including solvent, [u-PP] = E[u][PP]
k

acetonitrileand counteraniorPF;") are ignored,as are the 5 (M12)
potential contributions from higher order aggredaiteshus ) ) _
assumed thathe sole aggregation producf 1?* (u) is the Equation M12 may be rewritten as eq M13:
non-fluorescent dimeric excimgr BPi is also considered as [u-PP] ky
non-emissive. = T Kyppi

The 1:10 (blue ®) data set corresponding to the plaj,of F [WIPPT - ks (M13)
vs [u]y in Figure 11a that was used to determinggp; The Equation M13 implies thathe relationship between &Pi,
value of ¢.pp;could then be expressed as eq M1: and u-PPtan be expressed as a chendqallibrium:

_ 2 .
hppi= 1.493% 10 (M1) « + PPilétiaoPPi

Concentration-dependent UV-vis spectra of 1:10 (blue ®) Here, K, pp can be consideredas the binding constant
mixtures containing 1°*-2PF~ and 3TBA™HP,O;* in corresponding to the interaction between u and PPi.
acetonitrile used to determine the molar absorption coefficient From mass balance and eq Mstfs M14 and M15 may be

of u-PPi(e,.pp) (cf. Sl). The value ofe,.pp;at 334 nm could defined:
then be expressed as eq M2:

_ ika j3 + j4 + kﬁ
e.ppi= 1.535x 1¢f (M2) [u-PPlgy = [uPPy + [ (uPPi)] = jT[u'PPl
4 6
Consideringelementaryeactionsvl-i-M-x and assuming (M14)
quasi-steady-statenetics, the following expressionsvere S
deduced: Js* st ke _ D
. . k 1
d[u ] . L * * Ja + ke (M15)
= ul— g lu]l— ku]— kou ][u
dt b o] = ol ] = Rl 1= R 1] (M3) Equation M14 can be expressed as eq M16:
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[«-PP1,, = D4 ‘PPi (M16)
Combining with eq M13 gives eq M17:

[u-PPly *

———2 = DK, ppi= K ,ppi

[A][PPi K ,ppi uPPi M17)

Equation M17 implies thathe relationship between P,
and (u-PPi),, may also be considered as a chemical
equilibrium:

Ko .
« + PPildSBooPPiy,

It is noted that K7, ppiis larger than Kpp;
More expressions that relate to these experiments are

[”]all = [“]monomer+ 2 ”2*] +[ “'PP]aII (M18)

[PPLay = [u PPl + [PPI (M19)
Thus,

[ PPy = [#]an = [4lmonomer— 2 u2*] (M20)

In this model,the fluorescent response only comes from the
emission of {onomen@nd [u-PPi};:

E
Fobs= Q?A_pr‘)u.pp[u'PP]a”lﬁ + @(monomerfu(monomer)

S

E

s
Adhy

From concentration-dependefitiorescencand UV-vis
spectralkstudiesof 1:10 ([u] o/[PPi] 5) mixtures (Figure 11
and Sl),eq M22 was obtained:

[“]monomel

(M21)

E
= @_Ppgu.Ppgﬁ = 1.263x 10°

A (M22)
The previously described monomer—dimeric excimer
equilibrium modeWithout PPigives eq M23:

E
= s =3.862x 10
2 q%(monomerfu(monomer;AS(/JS (M23)

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

Fops= ¢1[u'PP]a" + cl:)Z{M]monomerz
CD1 ai ~ [ #]monomer™ 2 “2*]) + q)i“]monomer:
CD1 ”]all - [u]monomer_ 2((3-57[“]monome) +5.21x 10_6_,

(M24)

V14230 monomed> = 3-7 %10 (4] monomer* 2.7%10“)

+ (Di u] monomer

With [u] 5y and [PPi],; known,[u] monomerCan be solved using
the fluorescence spectdata (eq M24).Then,[u,*] can be
calculated from [l .ome@nd €q M10while [u-PPi}; may be
further calculated via eq MZbwus,the value of [PPi] may be
obtained using eq M25:

[PP1 =[PPl — [uPPiy,
= [PPlay = [ wlan = [#]monomer™ 2 421)
Finally,K* ,.ppicould be calculated using eq M26:

(M25)

4605

» _ [wPPly
PP LUIIPPY (M26)

The titration data from Figure 3 were then used as a check
of eq M26.If the modelis valid,the values oK* , pp;should
remain constantduring the full courseof the ftitration.
However,it wasfound that the calculated valuesf K* . pp;
based on this modelvere notconstantRatherthey a peak
value (2.18 x 18) was observed when [PBJ]u] . = 1.

It is possiblethat when [PPi],y[u] 4 is largerthan 1,
aggregation oPPi causesa decrease in [u-PPj], which is
reflected in a smaller K;'sp; Converselywhen the [PPi],/

[u] 4 ratio is less than PPicould have a direct effect on the
dimeric excimekVhen [PPil/[u] 4 is around 1 the effect of
these competing influences is minimiZEalthe extent such
rationalesare correct, the peak value (2.18 x 10 & may
approximate the true [gpvalue. For ease, this is summarized
in the form of eq M27:

K*, ppi= 2.18%x 16°FM " (M27)

This result is graphed in Figure 12.

2.4

2 8 pp-1
K1 (10°M")
®
e it ]

ee0e00e®®

0.0

0.00 025 050 075 1.00 1.25
[PPil_ /[u]

all all

Figure 12. Values of K*,pp; calculatedusing a simple 1:1
complexation analysispeak value of 2.18 x¥IM™" was obtained
when [PPi}/[u] oy = 1.

Mixed 2:1 and 1:1 (u/PPi) Complexation Analysis of
Pyrophosphate Binding and Its  Effect on the Fluo-
rescence Features of 12"-2PF,". Although the above
analysesighlightthe fact that a “regime of reliability” can
be found where a simple 1:1 complexation model can be made
to fit the datait is clear that such a treatment cannot account
wellfor the fluorescence response seen over thetulie of
the titration process involving treating acetonitrile solutions of
12*.2PF~ with 3TBA"HP,0,%". Thus,a mixed 2:1 and 1:1
(u/PPi) model was employed.For this global analysis,
additional elementaryreactionsrepresentingthe putative
interactions between*tand PPiwere considered:

S T (D-i)

* Jp

3w (D-ii)
SEMS e M (D-iii)
* kz *
u tu- up (D-iv)
* ks
g * M=% u+ M (D-v)
k. .
u + PPi= -u PPi (D-vi)
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wPPiS 4 PP (D-vii)
wPPi+ huy 2 (u-PPif (D-viil)
(PP} % PPi+ hu (D-ix)
(u-PPif + M 2 PPi+ M (D)
4y + PPiY u, PPi (Dxi)
uyPPi% 4 4+ PPi (D-xii)

where uy*, w*, M, hv,, hw, hvs, PPi,u-PPiand (u-PPi)* are
defined asbefore.u,PPi is the thermostable 1:1 complex

between y* and PPi. u,* and PPi are considered ason-
emission, as i’ BPi. Parametersip, ki, k, ks, ki, ks, s, i1, ks,
k;, and kg are rate constantgor the individual (but inter-
related) elementary reactionfs in the case of the initial
simplified 1:1 model above,the effectsof media (M) are

k *
[uy PP} = k—7[u2 1IPPi
8

(D11)
Equation D11 may be rewritten as eq D12:
[ugPPl k7 _

[u, IPPI kg

uyPPi
kg

(D12)

Equation D12 implies that the relationship betwegn laPi,
and y'PPican be treated as a chemieguilibrium:

* Kopppi .
" + PPildobooPPi

More expressionselated to the experimentsnclude the
following:

[ulan =

u

[“]monomer"' 2 142*] +[uPP]+[2 ”2'PP]
(D13)

(D14)

In this model,the fluorescent response comes only from the

[PPiy =[PPl + [ u-PPi,, + [uyPPi

ignoredas are the potential effects of higher order aggregatesmission contributions of [y,omerand [u-PPi}:
Considering elementargaction®-i—-D-xii with a quasi-

steady-statassumptionthe following expressionsnay be
deduced:

d[u*] _r _ . * * *
il () R AUS RS USRS O | ) 1)
d[u *] _ * _ *o *
=g = k= k1= kLUPPL
d[(u-PPi . :
HPPTL —  uoPPY = (PP = Kl (PP
(D3)
@ = ky[u][PP] = kdu-PP{~ j,[uPP]
+ jl(PPIf]+ kd(u-PPif] (D4)
dl(uyPPi) _ « ~ _
= = kdu JIPP = kduy PP (D5)
diu] _ dlup’] _ di(uwPPif] _ di(u-PPi)
dt dt dt dt
_ di(w2PPI) _
dt (D8)

Here the relationship between [{;], [U]monomer@aNd [W*]
is defined via eqs D7-D11:

J1 [u]

N N

(D7)
] = ko[ [u]
2 ks + k/[PP] (D8)
jo[u-PP
wppify= A
js t ke (D9)
k
[u-PP] = k—“[u][PP]
5 (D10)

4606

[“ PPl + (Di “monomer (D15)

where @, and ®, are defined asper eqs M22 and M23.
Assumingthat PPi is completelybound to u during the

obs

titration procesghe maximum fluorescence response may be

expressed per eq D16:

Enax= CD1[PP]aII + q)i”]monomep
when[u]y 2 [ PPy, = [4-PPly,
or

Enax= o 1[ ”]alh

when[PP],, > [u], = [u-PPl,, (D16)

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

Frin = [Fu ]monomer,O

(D17)

where [U}onomer,dS defined as the concentration of Jbmer
before addition of PPi. The range of fluorescence intensity
values for [u-PPj} is thus

Foin S Eops

min =

(Di u]monomer
(D18)

This gives eqs D19 and D20 for the lower bound of [uzPPi]
and the upper bound of [u-PRj]

Fyps~ (Di u]monomer— max

CD1 [u- PP]mm = Fobs ™ Hin (D19)
q)1 [“'PP]max Frax CDZ{ z"]monomer Fax (D20)
with a range for [u-PPRj] of
E,.— E. E
oo T =[PPy S [uPPly S [uwPPlng, 22
1 1
(D21)

For mixturesof [u],, and [PPil,, we can calculate the

relative concentration of the constituent species with a definite

value of [u-PP}}, according to the following equations:
@ {uPPly
b,

obs

[“]monomer

(D22)
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[v] = (k2[u]monomer_ Jy T o T kyt 8.0
\/(kz[“]monomer_ j1 - j2 - k1)2 + 4k2(j2 + k1)[u]monomer) . 7.59 6.64
12k (D23) S 7.0
i 4] X ./. 1
* Jylu D 6.51 s 1
jo t kgt kfu] (D24) 6.0 6.58
— [uPPlgy 55 T v T
[PP1= [u]Ki*a (D25) 0.00 0.25 050 075 1.00
PP [PPil,, / [u,, (a)
[uyPP = [ PPl - [PP] - [ u-PPl, (D26) 104
* 1
[“2 1= E([u]all - [“]monomer_ [u'PP]aII -R uZ'PP]) 9.64 8.72
= M < ggl /
ks + k/PP] (D27) b SN l |
If we do not considerthe dissociation ofPPi from u.*, 8.0- \
[u,*]’ can be expressed as eq D28: 8.65
[ *]r_ kz[”][”*] 721 T T T
ug = ——— 0.00 0.25 0.50 0.75 1.00
ky (D28) [PPi] , / [ul,, (b)

The following inequality expression could then be used to

judge the reasonableness of the resulting calculated values:Figure 13.Range oK, ppi(a) and k values (b) calculated from a
Judg . . 9 mixed 2:1 and 1:1 (u/PPi) complexation analysi©n this basis,
kful[u] < kolullw] _

log K, privalues between 6.58 and G:6bined with log/k/alues

[v2]= ks + ko[PPl ks [u2] (D29) between 8.66 and 8.7&e considered as providing the best overall
_ _ match to the datdhe black lines show the calculated rangg-gf K
Finally,K,,ppiand k are calculated via eqs D30 and D31: (a) and k; (b) values corresponding to each titration poinThe
[u," PP values between the blue (lower bound) and red (upper bound) lines

KMZ.PPi = F show the meaningful value ranges,fes; (@) and k (b) derived by

[PPI[uz ] (D30) " fitting the titration data to a mixed 2:1 and 1:1 (u/PPi) models

* detailed more fully in the text.
_ koullw] _ kg
7 *
[up IIPP1  [PPi (D31)

process was selectddhese values falletween the blue line
For each titration pointhe values of [y}, and [PPil,, are (lower bound) and the red line (upper bound) shown in
known.ThereforeF,,,, and E,;, can be calculated using eqs Figure 13a,bt should be noted that results from two limiting
D16 and D17, respectivelyMeaningfulvaluesof [u-PPil, casespamely the titration points with [PPi]y[u] ;—~0 and
were then obtained using the limitations set by eq Ditie [PPilf[u] a1, were not taken into considerationThe
full range of [u-PPil,, valueswastruncated into 400 equal  concentration values of the species containing PHRP#,,
regimesand [u-PPil,, wasconsidered foreach subset-or [u-PPil,, and [u-PPi]) are smalkuch that the calculation of
eachthe relative concentration of the constituent species wak, pp;and k is unreliable when [PRjJ[u] ,~0. In the case
calculated according to eqs D22-D27. Equation D29 was they [PPi],/[u] ,—1, the smallvalues ofu, PPi] likewise give
used as criterion to evaluate whlchhﬂ re_sultlng caIcuI_ated rise to values for Kppiand k that are unreliable.
concentration valuesvere meaningful.Using the resulting
subsebf calculated concentratiorisg corresponding Kep;
and k values were obtained from eqs D30 and X each
titration point, a range of Kpi(the black line shown in Figure K, = 10°eE008N "1 = (4.08+ 0.17)x 1°PM ™!

On this basis,the following K, pp; and k; valueswere
selected:

13a) and kvalues (the black line shown in Figure 13b) were (D32)
calculated using the meaningfaét of [u-PPil,, valuesand 600,03 1 1
corresponding concentration valuesHifure 13 and S). ky = 10°°%0%s T = (4,914 0.34)x 10s (D33)

The above analysis is predicated on the assumption that they, rqer to test the validity of the above analgsisries of
values of ({ppiand k are constant and do not vangt only concentration-dependefitiorescenspectraltitrations were
during a given titratiobut also for titrations carried out using carried outCalculated Kfepi=2.18 x 16 M, Ky, ppi= 4.08
different initial 3"-2PF~ concentrationdhis implies that the 108 M™", and k, = 4.91 x 108 ' valueswere used for
calculated values (or range of meaningful valueg pfeartd simulated emission intensitycalculationsFor every given
k; should be the same or nearly the same at all or, at least, nsesicentration of [y], and [PPi],, solving eqs D34-D38 and
titration points in any given titratioRer this caveag set of egs D13 and D14 provided simulated concentration values
K., pri @and k; values thaprovides the besfit for the entire corresponding to a given specific titration datum point:
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0 59.9u]
jo * kit kfu]  4551.6+ 4.47x 107]u]

["] =

(D34)

4.47x 10[u)? + 4611.5%]

[”]monomer= [u] +] u*] =

case of H,PO,” (cf. Figure S32).A less effectiveput still
notableresponse was seen in the cas&l®O;™ (cf. Figure
S33).In contrastto what was seen in the case ¢iP,0;%",
where a 1:1 complex dominates in the presence of excess guest,
curve fits to the titration results were consistendth a 1:2
(H:G) binding stoichiometry in the case ofH,PO,?" and

4551.6+ 4.47x 10]4] HCO;™. Support for this suggestioncame from mass
(D35) spectrometric studigef. Table S4),as well as from solid-

[u-PPly = K*, pp{u][PP] = 2.18x 107u][PP] (D36) stat_e str_ucturaﬂnalyses _(V|de inf ra). _ _
Little, if any,increase in the fluorescence intensity was seen
N kofu][u"] o when analogous titrations were carried out using a variety of
[u,"] = e PPl 2.68x 107u]?/ other anions (i.eHSO,” SCN', N;™,F, CI", Br', and I'; all
S as their respective TBAalts).In the case of TBANG little
(2.19% 10'Tu][PP] + 5.36x 107u] immediate response was seen upon treatment with 100 molar
equiv. However, when an initial 0.020 mM acetonitrile solution
+2.23x 109PP] + 546.3 (D37) of 12-2PK~ was treated with a large excess B0, (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 excimaf 12*. That this process
occurs slowly could reflect what are presumably poor binding

. . thermodynamics.n fact, the K, correspondingto the
Using the calculated valuesf [u-PPily and [u]monomer interactign between1?* and NOZ’ proved too Ss;mall to
seriesof emission intensity valuethat match the titration measure reliably (see discussion below).

pr.?;fﬁs could be(;‘our;d \g? eq D15; these were th?n g(f)mpare series ofcompetition studies were then undertaken with
solution containing?1 2Pk %grgggerﬂﬁﬂn;';sggéﬁffrégte {  [172PF"]=0.020 mM in CH ,CN and A, = 334 nm (cf.

3 6 . . €
with increasing HB-*~ concentrations (TB#salt; from 0 to Figure 15 and the Sl). These revealed little effecon the
0.026 mM) as per Figured well as titrations at’[12PF]
= 0.005 mMwere used to verify the modeld are shown in

[u PP} = K, pplup IPP1 = 1.09% 10'7u]{ PPY/
(2.19x 109u][PP] + 5.36x 107[u]
+ 2.23x 109PP] + 546.3 (D38)

Figure 14. Data from a number of other titratioR8ZPIF;"]
28000
e
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21000 +*+ e
+ ¥
5 & ~ 4000 o
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hrt & s o
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Figure 14. Experimentabata obtained from EDIE experiments
carried out at (a) 0.020 mM and (b) 0.005 mM id*fare given as
black points while the simulated values calculatedepeld 15 are
shown as red crosses. Other simulgiedlétes were also calculated; Figure 15. Anion induced immediate fluorescence response seen
they are tabulated in the SI. The adjudtealRs were 0.999 for (a) immediately after mixing*12PF~ (0.020 mM) in CH;CN (Ao, =

and 0.998 for (b). 334 nm) with the indicated anidfote: The use of 100 molar equiv
of HCO;™ (2.00 mM) was found to induce precipitatibherefore,

. only 20 equiv were used in these stugkespt for HCQ (used as

< 0.020 mM) were also used to verify the model (cf. SI). All 6fs tetraethylammonium saIEA’), all anions were studied as their
the experimentditration data sets proved consistent with the respective TBAsalts.

simulated value¢the adjusted R valueswere found to lie

between 0.999 and 0.99Dn this basiswe suggest that the

mixed 2:1 and 1:1 (u/PPi) binding modelproposed above  maximalluorescence intensity when titrations with,BF~

provides a reasonable basis fprantifying the EDIE effects  or H,PO,” were carried out in in the presence of a large excess

seen when macrocyclé is treated with the pyrophosphate of SCN,N;~, F~, CI', Br, I, or NO;"; again]?* was found

anion under conditions of photoexcitation. to function as a good “turn-on” fluorescencesensorfor
EDIE-Based Anion Sensing and Underlying Assump- HP,0,%" (and H,PQ,"), the presenceof these potential

tions. To explore the selectivityof 12* as a turn on interferants notwithstandirtidoweverit is important to note

fluorescence probe fasther anions,analogoudluorescence  that the HP,O,°~ and H,PO,” were cross-competitive and

titrations of12*-2PF~ (0.020 mM) in acetonitrile (3 = 334 acted asinterferantsfor one anotherunder these standard

nm) were carried out with three other oxoanios@d and titration conditions (cfSl).

HSQ,” astheir respective TBAsalts;HCO;™ asits TEA" From the UV-vis titrations with [12'] = 0.005 mM (for

salt). A strong response (fluorescence turn-on) was seen in tHe,0,>") and 0.020 mM (for the other tested anions)K,

4608 DOI: 10.1021/jacs.8b09021
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Table 2.Interactions between® and Anionic Species in Acetonitrile at 298K

Ka
guest [HI/[G] UV-vis ITC® fluorescence

HP,0*~ 2:1 - - (4.1+£02)x 1P M™

1:1 4.7+01)x1° M (1.3£0.1)x 1P M’ (22+02)x 1M
H,PO,~ 1:1° (23+0.1)x 1P M (20+£02)x1°M™’ -9

1. (4.7 £0.1) x 10 M2 (2.0+0.2) x 10'°M™2 -9
HCO4 1:1P (1.2£0.1) x 16 M - -9

1. (9.9+0.1) x 1F M2 -9

HSO; 1:2 - - -

other tested aniofis - - - -
ATC titrations were carried outunderhigherconcentrationgnd yielded smallelK,, valuescompared with the resultsom UV-vis and

K.
fluorescence titrations. This is ascribed to the effect of agdtéBgtiations governing the relevant equilibrigd(8)[ G] kﬁHHG] and (c)

[HG] +[ Q] KH)iJ[HGQ]. dOther tested anions include;NGCN, N,~, F, CI, Br, and 1, all as their TBA&altsSt is noteworthy that a higher

value for /K ,4larger than Kis seen in the case gPB,” and HCQ™ under standard titration conditiong*{[ 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 posi
homotropic aIIosteﬁf. fAll errorsare fitting errors SFluorescence spectroscopic titratiohsl,PO,~ and HCO;~ appearto involve more

complicated process@sirrentlywe are unable to calculatg Knd K, values reliably from the emission data.

values corresponding to the formation of 1:1 complex could
derived for severaf the oxoanions and were found to follow
the order HRO;>” > H,PO,” > HCO; > HSQ. Inthe case  “%
of NO;, SCN, N5, F, CI', Br, and|I” the binding
thermodynamicgroved too smallto quantify. For the 1:2 e
(receptor:anion) complexethe K,, order wasfound to be
H,PO,” > HCO5; > HSO, (see Table 2 and the SI).
The K, values calculated on the basis of UV-vis
spectroscopictitrations assuminga 1:1 (H/G) binding
model for HP,O;>~ and mixed 1:1 and 1:2 model for
H,PO,” and HCO,™ (cf. SI). In the case of HP,O,*~ and (b)
H,PQ,” it proved possibleto obtain concordant K, (for
HP,0;*") or K ,4 (for H,PO,") values via ITC analyses even  Figure 16.Single-crystatructure ofi2+2H,PO,”-7.5H0 showing

though higherconcentrationsvere used and the effectef (a) the interactions betweef aind the bound HPO,™ anions and
higher order aggregation could not be discoufteel values (b) a side view shown in stick form showing the anion cluster that
from these independent studies are included in Tabli©.  serves to separate individurits of .

important to note that these measurementare probing

ground-state interactions not EDIE per se. cluster thatpased on the metric parameteis stabilized by

Interactions between 1 2* and Anionic Guests in the O-H hydrogen bonds between neighbor anidharged and

Solid State. To obtain further insightsinto the presumed neutraiC—H hydrogen bonds between the imidazolium and
interactions betweef™&nd various anions, efforts were madepensene ring(s) o2, respectivelyand O atoms present in

to obtain a series of single crystals suitable for X-ray diffractigpy anion clusteras wellas anion-Tr interactionsnay also
analysis.Toward this end, solutions of anion exchange  pjay a role in stabilizing the overaltructureA key pointis
products in a mixture ofvater/acetonitrile (1:1/v), water/  that in this complex,as true for the pyrophosphate anion
(N.N-dimethylformamide (DMFt:1,v/v), or water/dioxane  complexlittle evidence oflose receptor-receptor contact is
(1:1, v/v) were subject to slow evaporation.This allowed  seenThe contrast with the anion-free formsFicfure 4a—d)

crystalsstructuresof [12*H,P,0,*4H,0], [1%"2H,PO; - is noteworthy and provides support for the suggestion that the
7.5H0], [1?*2HCO, -dioxane-2kD], and [12*2HSQ solution-phase binding of HB,*~ will serve to break up the
1.5CHCN] to be solved (seebelow and the SI). The excimer forms of?t.

structure of the pyrophosphatecomplex was presented The structure of the [#-2HCO; -dioxane-25D] complex
previously and taken as initievidence that treatment df* revealeda 1:2 receptor: anion stoichiometry,a finding

with H,P,0;%~ would induce disaggregation ekcimer(cf. corresponding to the resutif a solution-phase Job pldtf.

Figure 4e and accompanying discussiofifie other anion- SI). In the solid state, two HGQnolecular anions interact to
containing structures are discussed below. form a dimeric structure (HCO),. This subunit is stabilized

The solid-state structure &f-2H,PO, -7.5H0 revealed a  via two hydrogen bonds involving neighboring HCOnits.
1:2 receptor:anion stoichiometry consistemtith what was One of the HC@ anions is complexed directly witramd is
inferred from the solution-statestudies discussedabove held via C—H interactions involving’ ind an O atom of the
(Figure 16). The phosphate aniongxistin the form of a bound HCQ@™ anion,even though this substrate fills only part

4609 DOI: 10.1021/jacs.8b09021
J.Am.Chem.Soc.2019, 141,4597-4612



Journal of the American Chemical Society

of the core (cf. Figure 17a,b and Sl). Interestexgmples of
structurally characterizedmidazolium-basetHCO;~ com-

(<)

Figure 17 (a) Single-crystatructure of 4-2HCO, -dioxane-250
showingthe binding interactionsinvolving 12* and the HCO;
anions(b) Top view of 12*-2HCO; -dioxane-2kD shown in stick
form.(c) Single-crystattructure of 42HSQ™-1.5CHCN showing
the interactions involving &nd the HS® anions. (d) Top view of
12%2HSQ™-1.5CHCN shown in stick form.

(d)

plexesare limited®® Thus, this structure may contribute to

state structures in the presence of various a@iotise basis

of the results presented henes 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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