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a b s t r a c t

6,60-Bis(triphenylamine)-1,10-binaphthyl-2,20-diol (1) is highly fluorescent in visible region. On treatment
with a variety of anions, the UVevis absorption as well as the fluorescent behavior of 1 in CH2Cl2 is sub-
stantially changed.Among the tetrabutylammonium(TBA) saltswe tested, including F�, OH� (fromTBAOH in
MeOH), Cl�, Br�, I�, OAc�, HSO4�, TsO� (Et4N salt), and H2PO4�, F� was found to be the most effective fluo-
rescence quencher. Quantitative fluorescence analysis of the titration data revealed that the anions are
classified into two categories: (1) Simple mono-anions, such as F� ðlog bF2 ¼ 11:00� 0:08Þ, OH�

ðlog bOH2 ¼ 9:05� 0:01Þ, and Cl� ðlog b2 ¼ 9:96� 0:70Þ that follow the stoichiometry of 1:2, indicating the
formation of (1$X2)2� complexes; (2) Oxo-anions, such as OAc� ðlog bOAc1 ¼ 5:13� 0:012Þ, H2PO�

4

ðlog bHP1 ¼ 4:87� 0:03Þ, and TsO� (using tetraethylammonium salt, ðlog bOTs1 ¼ 3:36� 0:02Þ that show the
stoichiometryof 1:1, indicating the formation of (1$X)� complexes. The complexationbehaviorswere further
confirmed by 1H NMR spectroscopy. In the co-crystal prepared from 1,1-binaphthyl-2,20-diol (BINOL) and
Et4NF, F� and BINOL are assembled to form a linear polymeric array, with a dimeric group of BINOL/BINOL
anions linked as the side-chains. Intramolecular hydrogen bond was observed within the BINOL anion. This
provides structural insights about the BINOLefluoride complex formation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Miniaturizing optoelectronic devices into nanometer-scale is one
of the major challenges for modern technologies.1e3 Supramolecular
chemistrymayprovide the ultimate solution to solve these problems.
Therearemanyadvantagesofusing supramoleculesdue to theirwell-
defined chemical structures and physical properties, high structural
stability, availability of mature synthetic technology, as well as their
tunable photo-physical and electronic properties.4e7 Many research
teams have reported the design of supramolecular sensors,8e12 uti-
lizing the mechanism of photochemical isomerization,13 redox re-
actions,14 or acidebase interactions,15e22 in which molecular
recognition plays important roles on their designs. In addition, to
establish useful electronic array for detection, those recognition sys-
tems have to be robust so that they can tolerate harsh conditions
under photochemical or electrochemical environments.23,24

Detection of fluoride ion has attracted a lot of attention during
the last couple of decades.25,26 Designs based on the specific Lewis
acidebase interaction, suchas the strongbindingofboronatomwith
fluoride ionhavebeen reported.27e38 Furthermore, sensors basedon
the hydrogen-bonding system, such as urea,39e48 thiourea,49e52
ntu.edu.tw (M.-kit Leung).
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amide,53e55 imidazole,56e59 pyrrole,60e62 acridinium,63 and phenol
and their corresponding silyl ether64e74 have also been developed.

1,10-Bi-2-naphthol (BINOL) is a commercially available material
that can be synthesized and functionalized in large quantity. In
addition, the outstanding C2 chiral properties make BINOL a famous
ligand for asymmetric synthesis75e77 as well as a chiral induction
core for sensors.78e81 Although in principle two proximate phenolic
protons on BINOL would provide perfect binding-environment for
anions, examples about the use of BINOL for sensing anions are
rare. This is probably due to the lack of: (1) chromophores to show
photo-physical response in the visible region and (2) fluorophores
that show high quantum efficiency. Nevertheless, some studies
have been reported during the last decade. For examples, Iwanek
and Mattay, Wang, and Pu have independently reported the ap-
plication of fluorescence recognition of BINOL for amines,82 amino-
alcohols,83 and mandelic acid84e86 detection. Kumar and Yu have,
respectively, reported the use of 3,30-disubstituted BINOL de-
rivative to facilitate fluoride ions detection.87,88 Ito has evaluated
the BINOL anion recognition using 1H NMR spectroscopy.89 On the
other hand, Shinmyozu has reported the study of stiff-stilbene
connected bis-BINOL and its binding behavior with anions.90

Crystal structures of BINOL-monoalkyltrimethylammonium ha-
lides co-crystals have been reported by Marfo-Owusu.91

Herein we report a rational design and the nature of 1 for anion
recognition, in particular on fluoride sensing (Fig. 1). In our design,
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Fig. 1. Chemical structures of 1e3.

Fig. 2. ORTEP of the co-crystal of [Et4Nþ]2[F�][BINOL]2[BINOL anion].
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the conjugative p-system on the BINOL subunit has been modified
by introducing two electron-rich Ph2NC6H4-groups at the 6,60-po-
sitions that showsdifferent binding behavior from the 3-substituted
and 3,30-disubstituted BINOLs. The corresponding absorption and
emission lmax’s are extended to the visible region so that the sensory
response could be visually detected. When 1 binds with anions, the
p-conjugation systems of 1would be perturbed, leading to a change
of the spectral response. In the present work, compounds 1e3were
prepared and their binding behaviors were discussed.

2. Results and discussion

2.1. Synthesis

Compounds 1was prepared from condensation of 6,60-dibromo-
1,10-binaphthyl-2,20-diol92 (4) with the corresponding boronic acid
593, using the Suzuki coupling conditions of Pd(PPh3)4/K2CO3/
PhCH3eH2OeEtOH as catalyst (Scheme 1). In addition, dibromide 4
could also be eithermono- or di-benzylated to give 6 and 7, followed
by Suzuki coupling94 with 5 to give 2 and 3, respectively.
N B(OH)22 +

5

K2CO3, Pd(PPh3)4

PhMe/H2O-EtOH
heat

1 R1, R2  = H
OR1
OR2

Br

Br
4 R1, R2 = H
6 R1 = H, R2 = Bn
7 R1, R2 = Bn

2 R1 = H, R2 = Bn
3 R1, R2 = Bn

Scheme 1. Synthetic pathways for 1e3.
2.2. Crystallographic analysis

2.2.1. The structure of the co-crystal from binaphthyl-2,20-diol (BINOL)
and Et4NF. The tendency of BINOLs to form complexes with fluoride
ions in the solid state was first examined by X-ray studies. On slow
evaporation of a saturated solution containing 2 M equiv of Et4NF
and 1 M equiv of BINOL in CH2Cl2, co-crystals of a salt of formula
[Et4Nþ]2[F�][BINOL]2[BINOL anion] were obtained. The ORTEP di-
agram of the co-crystal is shown in Fig. 2. Three BINOL units,
denoted as BINOL A, BINOL B, and BINOL C, are contained in the
crystal lattice, inwhich the hydrogen bond interactions between F�

and BINOL were found. A simplified sketch is shown in Fig. 3. First
of all, F� binds with BINOL B through hydrogen bond interactions to
form linear arrays. Secondly, intramolecular hydrogen bond occurs
between the oxygen atoms of the anionic BINOL A. In addition, the
anionic BINOL A and BINOL C are bound to a dimeric group through
intermolecular hydrogen bond interactions.

While the bond lengths of O(1)eC(1) (1.355 (3) �A), O(2)eC(20)
(1.356 (3)�A), O(3)eC(21) (1.349 (3)�A),O(4)eC(40) (1.352 (3)�A), and
O(6)eC(60) (1.356 (3) �A) are almost identical, the bond length of
O(5)eC(41) (1.312 (3)�A) on BINOL A is particularly short, indicating
that O(5) is deprotonated. The dihedral angle of 54.1 (3)� between
the naphthyl rings on BINOLA ismuch smaller in comparison to that
of 85.8 (3)� and 106.6 (2)� for the BINOLs B and C, indicating that the
geometry of the BINOL anion is relativelyflat. The observation of the
flat geometry suggested that the charge-delocalizationbetween two
naphthyl rings of BINOLA is important. The short distance of 2.533�A
between O(5) and O(6) illustrates the existence of the intra-
molecular hydrogen bond. In addition, intermolecular hydrogen
bond between BINOL A and BINOL C is evidenced on the basis of the
short distance of 2.594�A between O(5) and O(1).

The simplified sketched clearly illustrated that the fluoride ions
and the BINOL Bmolecules, colored in green, are assembled to form
a linear polymeric structure, with dimeric pair of BINOL C/BINOL A
anion, colored in yellow, linked as the side-chains. This provides
structural insights about the BINOL-fluoride complex formation.
Each F� is surrounded by three eOH groups in the lattice. The
distances of 2.560 �A for F(1)eO(2), 2.547 �A for F(1)eO(3), and
2.515 �A for the F(1)eO(4) of the adjacent BINOL units were



Fig. 3. The linear polymeric structure in the crystal lattice of [Et4Nþ]2[F�][BINOL]2[BINOL anion]: (a) A simplified sketch of the polymeric linear-array. The Et4Nþ counter ions were
omitted in order to simplify the sketch. (b) The schematic diagram that shows the connectivity between all components.
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measured. The short OeF distances indicate that the hydrogen
bonding interactions are strong.
2.3. UVevis spectrophotometric studies

2.3.1. The interaction on 1 with anions in organic solvents, studied by
UVevis absorption spectrophotometry. Compound 1 exhibits a major
absorption band centered at 340 nmwith a shoulder band at around
300 nm (Fig. 4). The spectral change in various solvents, including
hexane (lmax¼338 nm), PhMe (lmax¼341 nm), CH2Cl2 (lmax¼340
nm), and CH3CN (lmax¼336 nm), is small, indicating that photo-in-
duced charge transfer (CT) absorption in the ground state is in-
significant. The PM5-ZINDO-s calculations95 revealed that the
absorption band at 340 nm is constituted of two electronic transi-
tions: (a) the local excitation of the triphenylamine group; (b) the CT
transitions from the triphenylamine group to the BINOL subunit. The
local electronic transition energies of the triphenylamine core are
slightly lower than that of the CT transitions. The local pep* transi-
tions of the BINOL subunit, on the other hand, contribute to the band
at 300 nm.
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Fig. 4. Spectral changes of 1 (1�10�5 M) during fluoride titration: the molar equiva-
lents of TBAF were: 0, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and 8.0. In the inset
is shown a plot of the absorbance growth at 400 nm versus the molar equivalents of
TBAF.
2.3.2. Spectrophotometric titration in CH2Cl2. While addition of ex-
cess amounts of tetrabutylammonium (TBA) salts of Cl�, Br�, I�, and
HSO4� to1doesnot induceanysignificant spectralchanges,additionof
F�, OH�, acetate (OAc�), tosylate (OTs�), and H2PO4� induces a new
red-shifted shoulder bandataround400 nm. Fig. 4 shows the tracesof
theUVevis spectral changes of 1 (1�10�5 M)during the titrationwith
F�. The lack of thewell-defined spectral isobestic point suggested that
multi-stepequilibria are involved inthecomplexationprocess. Inset in
Fig. 4 shows the plot of the absorbance change at 400 nm versus the
molar equivalents of TBAF used in the titration. The absorbance
gradually arises and reaches to a plateau at the 2-equiv point, in-
dicating a model of strong binding for (1$F2)2� complex formation.

Similar stepwise changes in F� titration have been reported in
other hydrogen-bonding system, such as urea-fluoride inter-
actions.39e48 In those cases, the first added F� would establish hy-
drogen bondwith the urea protonswhile the second added F�would
have the weakly acidic urea protons abstracted to form HF2�. With
regard to the weak acidity of the BINOL protons (pKa¼10)77, it is
reasonable to propose similar mechanisms in the present case. An
expression for the entire process of fluoride complexation is depicted
in Scheme 2, inwhich KF

1and KF
2 are the equilibrium constants of each

step and b2¼KF
1$K

F
2 is defined as the overall complex formation con-

stant. The first step involves hydrogen bond formation to give (1$F)�

that usually causes minimal perturbations on the p-chromophore.
The structure of (1$F)� being proposed here is based on the structure
of the anionic BINOL A, which is further hydrogen bonded to another
hydrogen bond donor in the co-crystal. However, the structure pro-
posedbyKumar20a isanother reasonableoption for (1$F)� thatcannot
be excluded. The weak interaction might not lead to significant
change in the absorption spectrum. However, proton transfer should
take place in the presence of the second F� to form (1$F2)2�. It has
been known that more basic the acceptor and stronger the hydrogen
bond accepting ability, themore advanced the proton transfer would
be. HF2� is the most-stable hydrogen bond complex that fluoride can
form in (1$F2)2�. With more the negative charge localized onto the
oxygen atoms, more monoanion-like the BINOL would behave. A
shoulder of the charge-transfer absorption could therefore be ob-
served at 400 nm. Since one might concern that the free anion may
also give rise to similar absorption, we have further examined for
other anions with different basicity and discovered that addition on
OAc�, H2PO4�, and OTs� would also lead to the uprising of the red-
shifted band. Since OTs� is considered as a relatively weak base,
deprotonation of 1 with OTs� to form free 1� is unlikely, indicating
that the UV absorption at around 400 nm is presumably arising from
the hydrogen bond complex formation.

To doubly confirm the origin of the red-shifted band, titration
had been carried out for BINOL with TBAF. Upon addition of F�, the
band at 375 nm progressively develops and reaches to a plateau at
the 2-equiv point. All these again evidence that the BINOL rather
than the triphenylamine subunit is crucial for the complexation and
corresponds to the spectral change.

Compound 1 also gives rise to the spectral change when being ti-
trated with H2PO4�. However, the stoichiometry was found to be dif-
ferent. Although similar spectral changes at 400 nm were observed,
the different stoichiometry of 1:1 with log bHP1 ¼ 4:36� 0:01 was
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found. The binding model was established on the basis of the linear-
plot of Ai/(Af�Ai) versus [H2PO�

4], in which Ai is the absorbance of the
sample at imolar equivalents and Af is the final limit of absorbance of
the sample in the presence of large excess of H2PO4� (Fig. 5). The
equations are derived as follows: on the basis of the equilibrium
shown in Scheme 3, the formation constant bHP1 is defined.
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Rearrangement of the above equation leads to the following
relationship.

h
H2PO

�
4

i
$bHP1 ¼

h�
1$H2PO

�
4

�i
½1� ¼ Ai

Af � Ai
The value of bHP1 was therefore estimated as the slope in the plot
Ai/(Af�Ai) versus [H2PO�

4]. Although we have no clue about the
structure of the (1$H2PO4)1� complex, we believed that the H2PO4�

would be first hydrogen bonded to one phenolic proton. The di-
polar P]O bond might be further hydrogen-bonded to the second
phenolic protons, as shown in Scheme 3, through a six-membered
hydrogen bond array to provide a bifurcate structure. In this situ-
ation, the hydrogen bond interactions would be strengthened.

2.4. Fluorescence studies

2.4.1. Fluorescence behavior of 1. On the contrary to the small sol-
vent dependency in the absorption spectra, 1 fluoresces at around
400 nm, depending on the solvent system (Fig. 6). The red-shifts
span about a range of 46 nm, from 390 nm in hexane to 436 nm in
CH3CN. While vibronic features could be observed in hexane, the
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emission spectra become broad in polar solvents. All these suggest
that certain extents of structural relaxation along with CT charac-
ters are established in the emissive excited state. The CT state may
involve electron donation from the electron-rich triphenylamine
groups to the BINOL component. Since this polar CT excited state is
stabilized in a polar solvent, a reduction of the energy-gap and
hence red-shifting of the emission spectra is expected.96 However,
the essences about the structural relaxation process are still un-
certain. In general, photo-excited states can undergo stabilization
by geometrical relaxation. Biphenyl is a prominent example that
has been reported, in which flattening in the excited state is driven
by an increase of mesomeric interactions.97e99 However, it has re-
cently reported that in the cases of phenylpyrene derivatives, flat-
tening is the major relaxation pathway in non-polar solvent,
whereas in highly polar solvents stabilization of the charge-transfer
state by further twisting has been evidenced.100,101

2.4.2. Fluorescence titration with fluoride ions. The binding behav-
ior of 1 (1�10�6 M) with F� in dried CH2Cl2 was monitored by
fluorescence quenching experiments. As shown in Fig. 7, the fluo-
rescence intensity of 1 was gradually reduced during titration and
almost 95% of the signal was quenched after 10M equiv of TBAF had
been introduced. To avoid the self-absorption interference arising
from CT band, non-linear curve fitting was performed, using the
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Fig. 7. Quenching of the fluorescence intensity of 1 (1�10�6 M) during the titration
with F�. The molar equivalents of TBAF used were: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10. In the
inset is demonstrated a linear-correlation plot between the value of Io/Ii versus [F�]2.
fluorescence intensity Io and Ii at 470 nm, and the concentration of
[F�] into the equation of

Io � Ii
Ii

¼ bF2
�
F�
�2

1þ KF
1

�
F�
�

The data fitted well to the equation up to 75% of fluorescence
quenching, indicating that the binding should follow the 1:2 stio-
chiometry.102 The binding constants of log bF2¼log (KF

1$K
F
2)¼

11.00�0.08, log KF
1¼4.43�0.11, and log KF

2¼6.57�0.19 were esti-
mated accordingly. The value of log K1F is in good agreement with
that reported by Kumar in their system.87 As shown in the inset of
Fig. 7, the fluorescence intensity remains almost unchanged during
the first molar equivalents of F� being added, indicating that the CT
character on (1$F)� is weak. However, when more equivalents of F�

being added, formation of (1$F2)2� would lead to fluorescence
quenching. This observation is consistent with the results in
UVevis titrations.

Similar titration behavior with the same stoichiometry of 1:2
was also observed for using TBAOH in MeOH as the base. The
binding constants of log bOH2 ¼ log ðKOH

1 $KOH
2 Þ ¼ 9:05� 0:01,

log KOH
1 ¼ 3:86� 0:42, and log KOH

2 ¼ 5:19� 0:43, were mea-
sured. In these experiments, the commercially available TBAOH in
MeOH (0.1 M) was used as the titrant. It has to be noted that per-
haps due to the interactions with MeOH molecules, the activity of
TBAOH is not as strong as we expected; the binding ability of OH�

to 1 was found to be slightly weaker than that of F�. Nevertheless,
the stoichiometry of 1:2 could still be observed. The structure of
(HOeHeOH)� was discussed by Gronert before.4

The quenching mechanisms are tentatively explained in Fig. 8.
As we discussed before, structural relaxation of the S1 excited state
of 1 would result an internal charge transfer (ICT) excited state,
which is denoted as ICT (S1). Fluorescence from this ICT (S1) state to
the ground state (S0) is allowed to give emission at 430 nm. How-
ever, after the (1$F2)2� formation, excessive negative-charges are
localized onto the oxygen atoms. The energy level of the oxygen
lone-pair would therefore be significantly raised and becomes the
HOMO. The emission behavior will therefore be governed by the
BINOL subunit. Instead of the original light emissive mechanism,
now the p* (BINOL) to n (BINOL) transition becomes the pre-
dominant relaxation pathway. This is usually a radiationless tran-
sition due to the presence of the plentiful thermal relaxation
pathways through hydrogen bond and electrostatic interactions,
which is known as the static quenching phenomenon.103

Although the induced fluorescence quenching ability of OAc�,
H2PO4�, and OTs� is relatively weak in comparison to F�, the fluo-
rescence changes are still observable under the experimental
conditions. On the other hand, no significant fluorescent quenching
was observedwhen Cl�, Br�, I�, or HSO4� had been introduced up to
500 M equiv. Therefore, the selectivity of the F� induced fluores-
cence quenching is very high. Among the anions we tested, as
shown in Fig. 9, F� is the most sensitive anion that could effectively
induce the fluorescence quenching at low concentration. Other
anions including OAc� and H2PO4� are competitors for 1. However,
the sensitivity is much lower.

To shed more light on the complexation site, the binding studies
of 1, 2, and 3were carried out for comparison. Compound 2 has only
one OH group available while 3 has both of the OH groups being
benzylated. Neither 2 nor 3 could have the same level of sensitivity
towards the fluoride ion induced fluorescent quenching phenome-
non. These observations strongly suggested that both OH groups on
the BINOL subunit are crucial for creating thefluoride complexation.

On the other hand, oxoanions including OAc�, H2PO4�, and OTs�

were found to bind in a 1:1 fashion. For example, the linear-plot of
Io/I versus [H2PO4�] obeys the equation of
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h
H2PO

�
4

i
$bHP1 ¼

1$H2PO
�
4 ¼ Io � Ii ¼ Io � 1;
α2
F

β2
Cl

2-
1  F2

1  F Cl 2-

2-
1  Cl2

KF KCl

1

Cl -2 + + 2 F-

+ Cl -2 + 2 F-

+ Cl -+ F -
h� �i
½1� Ii Ii

with the value of log bHP1 ¼ 4:87� 0:03 was obtained. By using the
same strategy, the constants of log bOAc1 ¼ 5:13� 0:02 for OAc�,
and log bOTs1 ¼ 3:36� 0:02 for OTs� (tetraethylammonium (TEA)
salt) were therefore estimated.

2.4.3. Back-titration experiments with Cl�. Chloride displays a more
intricate behavior. Although there were no changes in the UVevis
and fluorescence spectra upon addition of Cl�, the binding of 1with
Cl� could be detected by competition experiments against F�

binding. In this experiment, the fluorescence of 1 originally sup-
pressed by complexation with F� (20 M equiv) would be gradually
resumed upon addition of chloride ions. The sigmoidol pattern of
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Fig. 9. Fluorescence intensity change of 1 by addition of anions (8 equiv).
the plot of the fluorescence intensity versus [Cl�]/[F�] strongly
suggested a high order complexation. The schematic diagram is
tentatively proposed in Scheme 4.
Koverall = α2
Fβ2

Cl = KFKCl = [(1 Cl2)2-][F-]2/[(1 F)2-][Cl-] 
Scheme 4. Competitive complexation between chloride and fluoride ions.
In the presence of excess amounts of Cl�, halo-ion exchangewould
occur to give rise to (1$Cl$F)2� and (1$Cl2)2�. Although the equilibria
about the dissociative mechanisms through 1 might still exist, the
concentrations of 1 and the related intermediates (1 F)�1 and (1$Cl)�1

should be low. Therefore, (1$Cl$F)2� and (1$Cl2)2� shouldbe themajor
species that response to the fluorescent measurements. Due to the
lower electro-negativity of Cl�, weak CT character in the complex is
expected. Therefore, the fluorescence quenching effect will become
insignificant. By assuming that the luminescence efficiency of
(1$Cl$F)2� and (1$Cl2)2� are similar to that of 1, the overall equilibrium
constants of Koverall ¼ aF2$b

Cl
2 ¼ KF$KCl ¼ ð9:08� 0:62Þ � 10�2 and

KF¼0.188�0.063could thenbeestimatedbynon-linear curvefittingof
the data into the following equation.
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Ii
If � Ii

¼ Koverall

 �
Cl�
��

F�
� !2

þKF

 �
Cl�
��

F�
�!

It should be noted that a F
2 is a reciprocal of b F

2(log b2F¼11.00�0.08)
that have been measured before, the values of log ðbCl2 Þ ¼ 9:96�
0:11, log KF¼�0.726�0.17 and log KCl¼�0.316�0.18 could therefore
be calculated.

On the other hand, the hydrogen bond accepting ability of Br�

and I� is too low to compete against the fluoride complexation.
Therefore, no changes would be observed upon addition of excess
amounts of Br� and I�.

2.4.4. Interactions with HSO�
4. Althoughweak hydrogen bond ability

of HSO4� is expected, to our surprise, competitive binding against
fluoride ions could still be observed. In the back-titration study, upon
addition of HSO�

4 to the solution of (1$F2)2�, the fluorescence at
430 nm was gradually increased (Fig. 10). Nevertheless, the fluores-
cence intensity could not be completely recovered; only about 60% of
the original intensity could be obtained in the presence of
2000MequivofTBAHSO4.On thecontrary,nofluorescencequenching
was observed when 2000 M equiv of TBAHSO4 was added to 1
(1�10�6 M) in the absence of fluoride ions. All these indicate that the
formation of (1$HSO4)� does not respond to the partial quenching
effect. These inconsistent observations could only be explained by
assuming the formationof anewcomplexother than (1$HSO4)� in the
back-titration experiments. Quantitative spectral analysis reveals that
the stoichiometry of the reaction follows a 1:1 pattern, indicating that
only 1 M equiv of HSO4� would be taken up to substitute the F�. This
could be explained by assuming the formation of a co-complex of
(1$F$HSO4)2�during titration. As shown in Scheme 5, replacement of
one of the fluoride ion from the (1$F2)2� proceeds to give
(1$F$HSO4)2�. This equilibrium would obey the equation of
Fig. 10. (a) The traces of the fluorescence intensity in the back-titration experiments of (1$F
molar equivalents of TBAHSO4 added were: 0, 40, 100, 200, 300, 400, 600, 800, 1000, an
observed. If of 298 � 1, which is about 70% of the intensities of 1 and (1$HSO4)�, was dete

HSO4
-

No quenching in the presence of TBAHSO4
(2000 molar equiv)

Recovery of 60% of fluorescent intensity in the 
presence of TBAHSO4 (2000 molar equiv)

βFHS

1 + 1 HSO4
-

1 F2 HSO4
-

+ 1 F HSO4
2-

2-

+  F
-

Scheme 5. Competitive complexation between HSO4� and fluoride ions.
bFHS¼[(1 F$HSO4)2�][F�]/[(1$F2)2�][HSO4�]. This is reasonable due to
the acidity of HSO4� (pKa¼1.99)104 that makes HSO4� also a good hy-
drogen bond donor as well as an acceptor. This might provide the
driving force from generation of a thermodynamically stable
(1 F$HSO4)2� co-complex. However, HSO4� is not strong enough to
replace the second F� from the complex. The equation could be rear-
ranged so that [HSO4�]/[F�]$bFHS¼(1 F$HSO4)2�/[(1$F2)2�]¼Ii/(If�Ii),
whereas Ii is the fluorescence intensity in the presence of i molar
equivalents of TBAHSO4, and If is the final limit of the fluorescent in-
tensity, and bFHS is the equilibriumconstant for the reaction. Avalueof
log (bFHS)¼�1.237�0.014was obtained from the linearfit in Fig.10(b).
2.5. NMR titration

As a validation of the above prediction, the binding behavior of 1
with various anions was examined by 1H NMR titration. Fig. 11
shows the 1H NMR changes of 1 during titrations with F�. The
proton signals were assigned on the basis of its 1He1H COSY, HMBC,
HMQC, and 2D-NOESY spectra.

In the titration with F�, the chemical shift (d) of H(3), labeled by
a red star, was first gradually downfield shifted to reach the max-
imum at 7.53 ppm (Dd¼0.15 ppm) at the 1-M equiv point, followed
by turning backward to the upfield direction. These observations
indicated that there are at least two stages of binding for 1 in the
titration. On the contrary, only small Dd shifts of �0.01 and �0.05
for H(12) and H(18) were observed, suggesting that the hydrogen
bond complex formation should occur on the BINOL unit rather
than on the triphenylamine units.

In comparison to the unusual shift of H(3), other protons on the
naphthaleneunits, including dH(7), dH(5), and dH(4) shifted all theway
to the upfield region. This can be accounted for by hypothesizing the
complexation processes as shown in Scheme 2. The first added F�

establisheshydrogenbond interactionwith the BINOL to form (1 F)1�.
2)2� with HSO�
4. The molar equivalents of 1:TBAF in the mother solution was 1:20. The

d 2000. (b) A linear-correlation plot of Ii/(If�Ii) versus ([HSO4�]/[F�]) with r2¼0.99 is
rmined.
In this stage, bond inductive effects arising from the electronegative
fluoride ion makes H(3) slightly deshielded to the downfield region.
On addition of the second fluoride ion, a new complex (1$F2)2� is
formed, inwhich the proton transfer proceedsmore advanced in that
stage, leading tomore negative-charges residing onto the BINOL. This
is probably due to the particular stability of the (HF2)1� dimer, for
which the highest hydrogen bond energy has been calculated
(39 kcal/mol) in the gas phase.105 The second F� acts as a very strong
base, capable of abstracting the proton from the BINOL subunit. This
assumption was consistent with our crystallographic study in which
the BINOL anion could be observed in the co-crystal structure. Under
these circumstances, all the protons on the BINOL subunit, including



Fig. 11. Spectral changes of the 1H NMR in the titration experiments of 1 with TBAF.
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dH(3), becomes more shielded. However, due to the relatively low
polarity of CDCl3, the (HF2)1� moiety might still be attached to the
BINOL anion through hydrogen bond interactions.

Although only the 1:1 complex with OAc� had been observed by
fluorescence spectrometry, higher order stoichiometry was ob-
served in the 1H NMR. The d of H(3) was first downfield shifted to
the maximum at d 7.47 (Dd¼0.09) at around 1-M equiv point, fol-
lowed by turning backward to the upfield direction. Recently, it has
been proposed about the formation of [CH3CO2H/O2CCH3]� in the
study of squaramide anion recognition,106 and evidenced in solid
state by neutron-diffraction experiment.107

The addition of H2PO4� into a CDCl3 solution of 1 also resulted in
significantperturbationsof themostnotablyprotonsofH(4) andH(3)
that are adjacent to the OHgroup.While H(4) is progressively upfield
shifted by 0.26 ppm, H(3) is progressively downfield shifted by about
0.2 ppm. This result again demonstrated the hydrogen bond com-
plexation of 1 with H2PO�

4. With regard to the multiple hydrogen
binding ability of oxoanions, it is easy to perceive that H2PO4� would
bind with 1 in a 1:1 manner as shown in Scheme 4. Although proton
transfer from the BINOL subunit to H2PO�

4 is expected due to the
observation of the CT band at 400 nm in UVevis titration experi-
ments, the electron-density delivered from theH2PO�

4mono-anion is
lowerdue to itsweakerbasicity in comparison to that fromthe twoF�

ions. Therefore, the p-electron density localized at C(3) are expected
tobe lowsothatDdofH(3) ismainlygovernedby the inductiveeffects.
Under this circumstance, H(3) shifts all the way to the downfield re-
gionand the reverse trendback to thedeshielding regionhasnotbeen
observed in this case. Similarly, binding of 1 with Cl�, Br�, I�, and
HSO4� in CDCl3 was again evidenced by 1H NMR experiments. Upon
addition of the anions to1, similar trends of d shifts asdescribed in the
H2PO4� studies were observed.

It is noteworthy to mention that the titration limits of Dd for the
H(4) in the NMR titrations with TBAF, TBAOAc, TBAH2PO4, TBACl,
TBAHSO4, TBABr, and TBAI are valuable parameters to study. In our
experiments, the values of�0.305,�0.286,�0.250,�0.182,�0.132,
�0.134, and �0.071 were recorded, respectively. The shielding
effect on H(4)may arise from the increasing electron-density on the
oxygen atoms delocalization to C(4) according to the Solntsev and
Tolbert model (Scheme 6).106 This model is consistent with our
X-ray crystallographic data of the anionic BINOL A, in which the
short bond length of O(5)eC(41) was observed, implying the partial
p bond character as suggested in the resonance structures. In ad-
dition, the field effect arising from the negatively charged oxygen
atoms may also have major contribution to the shielding of H(4).
Therefore, the empirical trends of the Dd may become a useful tool
to elucidate the electron-density on the oxygen atoms.
S
a

Among the anions we studied, (1$F2)2� has the highest Dd of �0.3,
indicating that the electron-density on the oxygen atoms is the
highest one. On the other hand,1$H2PO4� hasDd of�0.26, suggesting
that there is slightly lesser electron-densityon theoxygenatoms. This
observationagain suggested thatproton transferon (1$H2PO4)1�may
take place so that the resonance form of eO�/HO(P]O)(OH)2 is
highly significant. On the contrary, (1$Cl)2� and (1$HSO4)1� have
lesser the Dd of �0.182 and �0.132, suggesting that there is lesser
electron-density on the oxygen atoms. This could also explainwhyno
CT band could be observed in the UVevis titration experiments with
Cl� and HSO4�. Similarly, addition of TBABr and TBAI to 1 does lead to
the observation ofDd shifts of�0.134 and�0.071, even the values are
relatively small. Therefore, complexation could still be concluded.

2.6. Aspects about the hydrogen bond complexation

The sensory behavior of 1with anions is intriguing. The order of
the apparent quenching ability of F�>OAc�>H2PO4�>OH�

>OTs�>HSO4�, Cl�, Br�, I� is more or less parallel to the order of the
intrinsic basicity, indicating that the basicity, besides the hydrogen
bond ability, should play some roles on the equilibria. One final
question has to be addressed is that whether dissociation of the
proton-transfer complex would occur to give the BINOL free anion.
Indeed, dissociation of the proton-transfer complexes has been
reported in literature. For example, careful studies about the equi-
libria between hydrogen bonding association and deprotonation
processes in urea, thiourea, and amide derivatives in polar solvents,
such as DMSO and acetonitrile revealed that the presence of the
dissociative equilibrium would affect the measurement of the
binding constants.47,52,55 Usually, deprotonation and dissociation of
the complexes would be more significant at dilute conditions and
therefore the dissociation process should be concentration de-
pendent. However, the formation constant we obtained for
[1$H2PO4] at different concentrations are in comparable order of
magnitude; the value of log bHP1 of 4.36�0.01 was obtained fromUV
titration at 1�10�5 Mwhile similar value of log bHP1 of 4.87�0.03was
recorded from fluorescence titration at 1�10�6 M. This observation
suggested that the dissociation effects are relativelymild. Thismight
be due to the lower polarity of the solvents of CH2Cl2 and CDCl3 used
in the studies, in which hydrogen bond association interactions
becomemore significant. It is noteworthy to point out that the final
1H NMR spectra of the complexes in titration with different anions
are all different. If theBINOL freeanion is formedas thefinal product,
one might expect to see similar final spectra in all titrations.

It is noteworthy to remind that the mono-benzylated 2 does not
showcomparable responseswhen comparing to 1. If thefluorescence
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quenching ismainly arising from the acidebase equilibria, onemight
expect that 2, containing one naphtholic proton, should show similar
response,which is contradicting to thepresentobservations.All these
strongly suggested that the observed phenomena could not be
explained by the simple acidebase mechanisms.

Although addition of Cl� does not lead to any significant change
on the absorption or fluorescence spectra, binding behavior was
clearly evidenced on the basis of the 1H NMR analysis as well as in
the competitive experiments. If the previously described red-shif-
ted absorption and fluorescence quenching phenomena are really
originated from the formation of free anion of 1�, halo-exchange of
the F� with Cl� on HF2� should not be able to resume the fluores-
cence of 1. This observation implies that the F� ions are bound to 1.
It is noteworthy to re-emphasize that CH2Cl2 and CDCl3 are rela-
tively non-polar solvents. Therefore, it is not surprise to see that
even weak interactions, such as hydrogen bond interactions could
become predominant in complex formation.

Recently, Fabbrizzi reported the study of squaramide 8 for anion
recognition.108 Squaramide 8 has a hydrogen bond induced charge-
transferabsorptioncenteredat395 nm.Uponadditionsof anions, red-
shift (Dl innm)of the charge-transfer bandswas observed. The values
of Dl¼27, 16, 13, and 6 nm were reported for the F�, Cl�, Br�, and I�

complexation, respectively (Scheme7). These valueswere found to be
linearly correlated to the log K of the squaramide hydrogen bond
complexation. Therefore, the Dl, which refers to the hydrogen bond
strength, are reliable parameters that could be used to reflect the ex-
tents of the hydrogenbond interactions. Fig.12 discloses the existence
of a linear correlation between the upfield-shift value of Dd for the
H(4) of 1 versusDl values of8. The correlation strongly suggested that
O O
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Scheme 7. Binding of halides with squaramide 8.
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the binding mode of 1 for all halide ions belongs to the same type of
complexation mechanisms, which are governed by hydrogen bond
interactions. On the other hand, H2PO�

4, and HSO�
4 fall onto another

correlation line. This is consistent with our previous conclusions that
the binding modes for oxoanions are different from that of simple
halide ions. It isnoteworthy topointout theobservationof theunusual
turning of Dd of H(3) for OAc�, which indicates the formation of the
(1$(OAc)2)2� in the NMR titration. Therefore, it is no surprise that the
value of Dd(OAc) for the H(4) falls onto the line of halogens, which is
the characteristic properties of the family of (1$X2)2�.

3. Conclusions

In summary, we demonstrated that BINOL can be a useful building
block in the design and synthesis of neutral receptors for anions. Al-
thoughBINOL isknowntobeaninterestmolecule inorganicsynthesis,
itsbindingbehaviorwithanionshasnotbeensystematicallyevaluated
before. By taking the advantage of the fluorescence properties of 1,
interesting binding behavior of BINOL has now be elucidated in the
present work. For a long time, chemists are interested in studying
protonation transfer in a hydrogen bond complex. However, the study
would sometime be interfered by complex dissociation. In our study,
weadopted theuseof thehydrogenbond inducedDlontheCTbandof
squaramide as a probe in the correlation analysis, and evidenced that
proton transfer through hydrogen bond interactions is crucial in our
cases, even BINOL is considered as a relatively acidic species.

4. Experimental

4.1. General about the synthetic procedures

The compounds are prepared according to the literature
methods as cited in the references. All reagents commercially
available were purchased and used directly.
4.1.1. 20-(Benzyloxy)-6,60-dibromo-1,10-binaphthyl-2-ol (6). To a mix-
ture of 4 (2.04 g, 4.62 mmol), K2CO3 (2.81 g, 20.3 mmol), and 18-
crown-6 (0.10 g, 0.38 mmol) in acetone (40 mL) was added dropwise
benzyl bromide (0.6 mL, 5.05 mmol). The mixture was refluxed for
48 h. After removal of the acetone, a mixture of H2O (50 mL) and
CH2Cl2 (50 mL) was added. The aqueous layer was extracted with
CH2Cl2 (3�50 mL). All of the organic extracts were combined and
dried over anhydrousMgSO4. The extracts were concentrated to give
crude 6 that was further purified by liquid column chromatography
on silica gel, using CH2Cl2/hexane (50% v/v) as the eluent to give of 6
(1.24 g, 50%). 1H NMR (400 MHz, CDCl3) d 8.01 (t, J¼2 Hz, 2H), 7.87 (d,
J¼9 Hz,1H), 7.81 (d, J¼9 Hz, 1H), 7.46 (d, J¼9 Hz, 1H), 7.35 (d, J¼9 Hz,
1H), 7.32 (dd, J¼9, 2 Hz, 1H), 7.26 (dd, J¼9, 2 Hz, 1H), 7.19e7.17 (m,
3H), 7.03e7.00 (m, 3H), 6.86 (d, J¼9 Hz,1H), 5.08 (d, J¼6 Hz, 2H), 4.89
(s, 1H); 13C NMR (100 MHz, CDCl3) d 155.1, 151.7, 136.5, 132.5, 132.2,
130.7, 130.6, 130.3, 130.1, 130.0, 129.8, 129.1, 128.4, 127.9, 126.8, 126.6,
126.5, 118.7, 118.4, 117.1, 116.7, 116.4, 114.8, 71.1; HRMS (FAB): m/z
calcd for C27H18

79Br2O2 531.9674, found 531.9670.

4.1.2. 2,20-Bis(benzyloxy)-6,60-dibromo-1,10-binaphthyl (7). To a mix-
ture of 4 (18.0 g, 40.7 mmol), K2CO3 (35.0 g, 252 mmol), and 18-
crown-6 (0.80 g, 3.03mmol) in acetone (400mL), benzyl bromide
(12.0 mL, 101 mmol) was added dropwise. The mixture was refluxed
for 48 h. After removing acetone, a mixture of H2O (300 mL) and
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CH2Cl2 (300 mL) was added. The aqueous layer was extracted with
additional portions of CH2Cl2 (3�300mL). All of the organic extracts
were combined and dried over anhydrous MgSO4. After removal of
the organic solvents, the solid obtained was washed with methanol
to give 7 (14.2 g, 56%). 1H NMR (400MHz, CDCl3) d 8.04 (d, J¼2 Hz,
2H), 7.83 (d, J¼9 Hz, 2H), 7.44 (d, J¼9 Hz, 2H), 7.31 (dd, J¼9, 2 Hz, 2H),
7.12e7.20 (m, 6H), 7.05 (d, J¼9 Hz, 2H), 6.99 (d, J¼7 Hz, 2H), 5.06
(s, 4H); 13C NMR (100MHz, CDCl3) d 154.3, 137.0, 132.5, 130.4, 129.8,
129.7, 128.6, 128.2, 127.4, 127.1, 126.6, 120.2, 117.5, 116.6, 70.9; HRMS
(FAB): m/z calcd for C34H24

79Br2O2 622.0143, found C34H24
81Br2O2

626.0110.

4.1.3. 6,60-Bis(4-(diphenylamino)phenyl)-1,10-binaphthyl-2,20-diol
(1). To a mixture of 4 (4.84 g, 11.0 mmol), 4-(diphenylamino)
phenylboronic acid (5) (10.0 g, 34.6 mmol), K2CO3 (10.0 g,
72.4 mmol), and Pd(PPh3)4 (2.00 g, 1.37 mmol) were added H2O
(10 mL) and toluene (100 mL). The mixture was refluxed for 24 h.
After the reaction was completed, additional amounts of water
(200 mL) were added. The aqueous layer was extracted with
CH2Cl2 (4�200 mL). The organic extracts were combined and
dried over (anhydrous MgSO4) and concentrated. The product
was purified by liquid column chromatography on silica gel, using
CH2Cl2/hexane (1:1) as the eluent to give a solid, which was
washed with pentane to give pure 1 (12.7 g, 32%). 1H NMR
(400 MHz, CDCl3) d 8.06 (2H), 7.98 (d, J¼9 Hz, 2H), 7.54e7.58 (m,
6H), 7.38 (d, J¼9 Hz, 2H), 7.26e7.30 (m, 10H), 7.15e7.21 (m, 12H),
7.05 (t, J¼7 Hz, 4H), 5.15 (br s, 2H); 13C NMR (100 MHz, CDCl3)
d 152.4, 147.4, 147.0, 136.2, 134.4, 132.1, 131.4, 129.6, 129.1, 127.7,
126.7, 125.4, 124.6, 124.3, 123.8, 122.8, 118.1, 110.8; HRMS (FAB):
m/z calcd for C56H40N2O2 772.3090, found 772.3083. Anal. Calcd
C56H40N2O2: C, 87.02; H, 5.22; N, 3.62, found C, 86.66; H, 5.06;
N, 3.49.

4.1.4. 20-(Benzyloxy)-6,60-bis(4-(diphenylamino)phenyl)-1,10-bi-
naphthyl-2-ol (2). To a mixture of 6 (1.24 g, 2.32 mmol), 5 (2.00 g,
6.92 mmol), K2CO3 (2.30 g,16.64 mmol), and Pd(PPh3)4 (0.20 g,
0.17 mmol) were added H2O (1 mL) and toluene (10 mL). The mix-
ture was refluxed for 24 h. Additional amounts of water (20 mL) and
CH2Cl2 (30 mL) were then added. The aqueous layer was extracted
with CH2Cl2 (4�30 mL). The organic extracts were combined, dried
(anhydrous MgSO4), and concentrated (rotary evaporation). The
crude product was purified by liquid column chromatography on
silica gel, using CH2Cl2/toluene (17% v/v) as the eluent to give 2
(0.74 g, 37%). 1H NMR (400 MHz, CDCl3) d 8.04 (d, J¼4 Hz, 2H), 8.00
(d, J¼9 Hz, 1H), 7.96 (d, J¼9 Hz, 1H), 7.54 (t, J¼9 Hz, 5H), 7.46e7.49
(m, 2H), 7.39 (d, J¼9 Hz,1H), 7.31 (d, J¼10 Hz,1H), 7.24e7.28 (m, 8H),
7.13e7.18 (m, 16H), 7.06e7.08 (m, 2H), 7.02 (t, J¼7 Hz, 4H), 5.11 (d,
J¼5 Hz, 2H), 5.01 (s, 1H); 13C NMR (100 MHz, CDCl3) d 154.9, 151.3,
147.7, 147.6, 147.3, 146.9, 136.9, 136.7, 135.5, 134.6, 133.0, 131.0, 130.1,
129.5, 129.3, 129.2, 128.3, 127.8, 127.7, 126.9, 126.7, 125.8, 125.6, 125.5,
125.4, 125.2, 124.5, 124.4, 124.0, 123.9, 123.0, 122.9, 118.0, 116.4, 115.1,
71.3; HRMS (FAB): m/z calcd for C63H46N2O2 862.3559, found
862.3549. Anal. Calcd C63H46N2O2: C, 87.67; H, 5.37; N, 3.25, found C,
87.28; H, 5.14; N, 3.06.

4.1.5. 2,20-Bis(benzyloxy)-6,60-bis(4-(diphenylamino)phenyl)-1,10-bi-
naphthyl (3). To a mixture of 7 (4.02 g, 6.46 mmol), 5 (9.37 g
32.4 mmol), K2CO3 (10.0 g 72.4 mmol), and Pd(PPh3)4 (1.49 g,
1.29 mmol) were added H2O (10 mL), ethanol (5 mL), and toluene
(30mL). The mixture was refluxed for 24 h. Additional portions of
H2O (100 mL) and CH2Cl2 (200 mL) were added. The aqueous layer
was extracted with CH2Cl2 (3�200 mL). The extracts were washed,
dried (anhydrous MgSO4), concentrated, and purified by column
chromatography on silica gel, elutingwith 10% (v/v) of CH2Cl2/hexane
to give 3 (2.83 g, 46%). 1H NMR (400 MHz, CDCl3) d 8.04 (d, J¼2 Hz,
2H), 7.96 (d, J¼9 Hz, 2H), 7.56 (d, J¼9 Hz, 4H), 7.49 (dd, J¼9, 2 Hz, 2H),
7.43 (d, J¼9 Hz, 2H), 7.23e7.31 (m, 10H), 7.07e7.16 (m, 16H),
6.99e7.04 (m, 8H); 13C NMR (100 MHz, CDCl3) d 153.9, 147.5, 146.8,
137.3, 135.7, 135.0, 133.0, 129.6, 129.4, 129.1, 128.0, 127.7, 127.2, 126.6,
126.0, 125.7, 125.0, 124.2, 123.9, 122.7, 120.5, 116.3, 71.2; HRMS (FAB):
m/z calcd for C70H52N2O2 952.4029, found 952.4041. Anal.
Calcd C70H52N2O2: C, 88.21; H, 5.50; N, 2.94, found C, 88.16; H, 5.63;
N, 2.56.

4.2. Binding constant measurements

4.2.1. UVevis and fluorescence experimental procedures. All chem-
icals were heated to dry in vacuum before use. The solvents were
dried according to the standard procedure and distilled before
use. The samples were weighed, transferred, and prepared in
a dry-box in order to avoid any interference from moisture. The
measurements were handled at 296 K without other notice. In the
UVevis absorption experiments, the binding of 1 with F� is too
strong to estimate accurately. However, the 1: 1 binding constant
of 1 with H2PO�

4, could be estimated according to the expression
as follows.

h
H2PO

�
4

i
$bHP1 ¼

h�
1$H2PO

�
4

�i
½1� ¼ Ai

Af � Ai

The value of the binding constant b1 could therefore be estimated
from the plot.

4.2.2. Fluorescence analysis about the fluoride binding. The proposed
equilibria are shown in Scheme 3, inwhich bF

2¼KF
1$K

F
2¼[(1$F2)2�]/([1]

[F�]2). To avoid the interference arising from CT band absorption
tailing to 450 nm, the fluorescence data at 470 nmwere adopted for
the quantitative analysis. However, the deviation was found to be
small. The deviation of bF

2 valuewas within 10%when comparison to
that from 430 nm. The inset in Fig. 7 shows the fluorescence
quenching during titration a 470 nm.When the dosage of F�was less
than 1 M equiv, the fluorescent intensity almost unchanged, in-
dicating that formation of (1$F)� does not lead to any significant
fluorescence quenching effect. On the other hand, upon addition of
excess F�, the intensity gradually fades away. This observation is
consistent with efficiency, and (1$F2)2� would lead to complete lu-
minescence quenching due to its charge-transfer character, the
mathematical expression could be derived as follow:

(1) The intensity equations could be expressed as follows, by as-
suming that the emission intensity proportional constants of
F1 and F1$F are almost identical.

Ii ¼ ½1�F1 þ
h
ð1$FÞ�

i
F1$Ff¼�½1� þ hð1$FÞ�i�F1
(2) The intensity ratio equation could be written as follows.

Io � Ii
Ii

¼
½1�oF1 �

�
½1� þ

h
ð1$FÞ�

i�
F1� h

�
i�
½1� þ ð1$FÞ F1

¼
h
ð1$F2Þ2�

i
½1� þ

h
ð1$FÞ�

i
¼ bF2½1�

�
F�
�2

½1� þ KF
1½1�

�
F�
�

¼
bF2

h
F�
i2

1þ KF
1

�
F�
�

Non-linear curve fitting of the data to the equation gave
log b F

2¼11.00�0.08 while log K F
1¼4.43�0.11. The data fit well with
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this equation up 75% of intensity quenching. Similar data treat-
ments were carried for OH� and log bOH2 ¼ 9:05� 0:01 and
log KOH

1 ¼ 3:86� 0:42 were obtained.
For OAc�, H2PO�

4, and TsO� titrations, the data obey the model
with the stoichiometry of 1:1, which is different from that of the
fluoride and hydroxide ions. The equation could be expressed as
follows.

h
H2PO

�
4

i
$bHP1 ¼

h�
1$H2PO

�
4

�i
½1� ¼ Io � Ii

Ii
¼ Io

Ii
� 1

The value of the binding constant b1 could therefore be estimated
from the plot.

4.2.3. Back-titration experiments with Cl�. Analysis of the data
revealed that a model about formation of (1$Cl2)2� complex, as
shown in Scheme 6, does provide the best fit with the data. As
shown in Scheme 6, the equilibrium should lead to an expression
denoted as follows.

Koverall ¼ KF$KCl ¼ aF2$b
Cl
2 ¼

h
ð1$Cl2Þ2�

i�
F�
�2h

ð1$F2Þ2�
i�
Cl�
�2

The equation could then be re-written ash
ð1$Cl2Þ2�

i
h
ð1$F2Þ2�

i ¼
�
aF2b

Cl
2

� �Cl��2�
F�
�2

On the other hand, according to the associative equilibrium,

KF ¼
h
ð1$Cl$FÞ2�

i�
F�
�h

ð1$F2Þ2�
i�
Cl�
�

so that the mathematical expression ofh
ð1$Cl$FÞ2�

i
h
ð1$F2Þ2�

i ¼ KF
�
Cl�
��

F�
�

is valid. In the back-titration experiments, the fluorescence re-
sponses mainly arise from the emission of (1$Cl$F)2� and (1$Cl2)2�.
The final emission intensity (If) of (1$Cl2)2� was determined in an
independent experiment by addition of 500 M equiv of TBACl to 1.
The intensity of If¼394.4 was measured, which is very close to the
original intensity of 401 for 1. Since the quenching effect is mainly
arising from the CT properties of the (1$F2)2� complex, halo-ion
exchange from F� to Cl�would significantly reduce the CTcharacter
on (1$Cl$F)2� and (1$Cl2)2�. Therefore, it is reasonable to assume
that the fluorescent efficiency of (1$Cl$F)2� and (1$Cl2)2�, denoted
as F(1$Cl$F) and F(1$Cl$Cl) are close to that of 1 (F1). On the basis of
this assumption, the equation of

Ii
If � Ii

e¼
nh

ð1$Cl2Þ2�
i
þ
h
ð1$Cl$FÞ2�

io
F1nh

ð1$Cl2Þ2�
i
f
�
h
ð1$Cl2Þ2�

i
�
h
1ð1$Cl$FÞ2�

io
F1

¼
h
ð1$Cl2Þ2�

i
þ
h
ð1$Cl$FÞ2�

i
h
ð1$F2Þ2�

i
¼ Koverall

 �
Cl�
��

F�
�!2

þKF

 �
Cl�
��

F�
� !

could be derived. The non-linear curve fitting gave Koverall and KF.
Since Koverall ¼ aF2$b

Cl
2 ¼ KF$KCl and bF

2¼1/a2F has been determined
inprevious experiments, the equilibriumconstantofbCl2 andKCl could
be then calculated.
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