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Discriminate sensing of pyrophosphate using a
new tripodal tetramine-based dinuclear Zn(II)
complex under an indicator displacement assay
approach†

Sarayut Watchasit,a Pattira Suktanarak,b Chomchai Suksai,*b

Vithaya Ruangpornvisutia and Thawatchai Tuntulani*a

In this research, the dinuclear Zn(II) complex of anthracene based tripodal tetramine Zn2L was synthesized,

and its sensing abilities towards anions was investigated using the indicator displacement assay (IDA)

approach with four complexometric indicators: pyrocatechol violet (PV), bromopyrogallol red (BPG),

methylthymol blue (MTB) and xylenol orange (XO). UV-vis spectrophotometry results indicated that the

Zn2L–MTB ensemble sensor could discriminate the pyrophosphate anion (PPi) from other phosphate

containing anions. 1H and 31P NMR spectroscopy as well as DFT calculations confirmed that PPi bound to

Zn2L in a 2 : 2 manner. Both NMR spectroscopy and UV-vis spectrophotometry suggested that the two

bulky tripodal tetramine units in Zn2L played an important role to provide the ensemble cleft for MTB,

giving rise to an ensemble that could be displaced exclusively by PPi. The detection limit of PPi for the

reported IDA system was 0.3 μM in 20% (v/v) water–acetonitrile buffered at pH 7.4 with HEPES.

1. Introduction

Recently, artificial receptors for recognition and sensing of
phosphate anions have attracted chemists’ attention due to
their importance in living systems.1 Great attention has been
given to the design of chemical sensors for the pyrophosphate
anion, P2O7

4− or PPi.2 Such an interest stems from the fact
that PPi plays an important role in many biological processes.
In particular, PPi participates in ATP hydrolysis and is involved
in DNA or RNA polymerase reactions.3 Moreover, the amount
of PPi has recently been monitored in patients with calcium
pyrophosphate dihydrate (CCPD) crystal deposition disease
(also known as chondrocalcinosis), as the disease has been
shown to cause high synovial fluid PPi levels in patients.4

Therefore, discriminate sensing of PPi under physiological
conditions remains a significant challenge.

The indicator displacement assay (IDA) is the most simple,
convenient and increasingly popular approach for naked-eye
sensing of anions.5 Recently, Zn(II)–dipicolyl amine (DPA) com-
plexes have been employed in anion recognition and sensing
of phosphate species.6 However, most of the IDA systems
using dinuclear Zn(II)–DPA complexes show low selectivity
toward PPi7 or encounter interference from other phosphate
species such as PO4

3− (Pi) and adenosine triphosphate (ATP).8

A few IDA receptors for discriminate sensing of PPi using
dinuclear Zn(II)–DPA complexes have been reported.9 Jolliffe
and coworkers have synthesized a library of anion receptors
comprising linear9a and cyclic9b peptide scaffolds bearing
dinuclear Zn(II)–DPA units which could be located at different
positions on the cyclic peptide. The ensemble cleft of the
cyclic peptide receptors and indicators could be varied, and
the discrimination between PPi and other phosphate contain-
ing anions by the IDA approach was achieved.

Although the sensing ability of chemosensing ensembles
formed by the flexible scaffold could be easily tuned by appro-
priate indicators and may provide effective discrimination of
PPi from other anions, the coordination chemistry of the
dinuclear Zn(II) could play an important role in selective
sensing as well. Recently, Lippard and colleagues have shown
that a tripodal tetramine unit on the fluorescein scaffold can
be used successfully as a neuronal Zn2+ sensor and gives a
better sensing property than the precursor one containing DPA
binding units.10 We have prepared an IDA receptor for PPi
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from the dinuclear Cu(II) complexes of di-tripodal tetramine
units on the calix[4]arene scaffold.11 In this paper, we syn-
thesize a new ligand (L) containing two tripodal tetramine
units linked to the anthracene scaffold and its dinuclear Zn(II)
complex (Zn2L). We explore the binding properties of Zn2L
with PPi and an indicator by using 1H and 31P NMR spec-
troscopy. The structure of the complex between Zn2L and PPi
is calculated using DFT. The selective sensing ability of Zn2L
toward PPi in aqueous solution using the IDA approach is
established using UV-vis spectrophotometry and possible
species in the aqueous solution are analyzed from the UV-vis
spectra using the SPECFIT32 program.12 The structures of
Zn2L and various commercially available indicators employed
in this study are presented in Chart 1.

2. Experimental
2.1 General method

All chemicals were of analytical grade and used without
further purification. Sterile water for injection was obtained
from General Hospital Products Public Co., Ltd. (Pathum
Thani, Thailand). Zn2L and indicator solutions were freshly
prepared10,13 just before the NMR and UV-vis experiments.
1H-, 13C- and 31P-NMR were carried out using the Bruker
AVANCE 400 MHz Ultra Shield spectrometer. All UV-vis absorp-
tion spectra were recorded using an Agilent 8453 UV-vis
spectrophotometer. Tripodal tetramine (a) was synthesized
according to the procedure reported previously.10,13

2.2 Synthesis of L

A mixture of tripodal tetramine (a) (1.93 g, 6.34 mmol) and
9,10-diformylanthracene (b) (0.64 g, 2.73 mmol) was dissolved
in dry CH3CN (50 mL) (Scheme S1 in the ESI†). The reaction

mixture was refluxed under nitrogen for 12 h. After the solvent
was removed, the product was obtained as a dark solid (quanti-
tative yield). The crude imine was dissolved in MeOH (100 mL)
and the solution was cooled to −5 °C. Subsequently, NaBH4

(4.18 g, 110 mmol) was added to the brown solution, and the
mixture was refluxed for 12 h under a nitrogen atmosphere.
After the mixture cooled to room temperature, water (150 mL)
was added and the mixture was evaporated to remove MeOH.
The residue was dissolved in CH2Cl2 (150 mL) and the organic
layer was washed with water (3 × 100 mL), dried with anhy-
drous MgSO4, and the solvent was removed. The light yellow
solid of ligand L was obtained after recrystallization of the
crude product in MeOH (0.90 g, 41%). 1H-NMR (400 MHz,
CDCl3, ppm): δ 8.45 (q, J = 3.6 Hz, 4H, ArH), 8.03 (d, J = 4.4 Hz,
4H, ArH), 7.58 (q, J = 3.6 Hz, 4H, ArH), 7.38 (t, J = 8 Hz, 2H,
ArH), 7.18 (d, J = 7.2 Hz, 2H, ArH), 7.10 (d, J = 8 Hz, 2H, ArH),
6.73 (m, 10H, ArH), 6.51 (d, J = 7.6 Hz, 4H, ArH), 6.33 (s, 2H,
–NH–), 5.28 (s, 4H, –CH2–), 3.59 (s, 4H, –CH2–), 3.52 (s, 8H,
–CH2–).

13C-NMR (100 MHz, CDCl3, ppm): δ 158.43, 148.58,
148.05, 135.79, 131.43, 131.01, 130.89, 129.00, 126.13, 125.51,
122.55, 122.24, 121.96, 121.44, 116.69, 109.63, 60.35, 58.50,
40.96. ESI-MS (positive mode); 811.4281 [M + H]+. Elemental
analysis calculated for C54H50N8: C, 79.97; H, 6.21; N, 13.82;
found C, 79.89; H, 6.16; N, 13.87.

2.3 Synthesis of Zn2L

The ethanolic solution of Zn(ClO4)2·6H2O (37.2 mg, 0.1 mmol)
was added to the ethanolic suspension of L (24.3 mg,
0.03 mmol) (Scheme S1 in the ESI†), the color of the solution
changed to yellow immediately. Then, the yellow solution was
refluxed under nitrogen for 12 h. After cooling to room temp-
erature, the yellow solids precipitated, and were filtered and
washed with CH2Cl2 and MeOH to obtain Zn2L (35.4 mg,

Chart 1 Structures of Zn2L and indicators employed in the IDA studies.
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88%). 1H-NMR (400 MHz, 20% (v/v) D2O–CD3CN, ppm): δ 8.70
(bs, 4H, ArH), 7.87 (bm, 8H, ArH), 7.48 (bm, 4H, ArH), 7.34 (bs,
8H, ArH), 7.20 (d, J = 7.6 Hz, 2H, ArH–NH–), 6.75 (t, J = 7.6 Hz,
2H, ArH–NH–), 6.25 (t, J = 7.6 Hz, 2H, ArH–NH–), 5.27 (bd, J =
7.6 Hz, 2H, ArH–NH–) 4.98 (bs, 4H, Ar–NH–CH2–), 4.29 (m,
12H, Ar–CH2–).

13C-NMR (100 MHz, 20% (v/v) D2O–CD3CN,
ppm): δ 154.76, 147.63, 141.88, 140.97, 133.37, 129.79, 129.09,
128.72, 127.15, 126.23, 125.80, 124.93, 124.56, 124.34,
124.00, 59.02, 27.84, 45.11. ESI-MS (positive mode);
1235.0554 [M + 3ClO4

−]+. Elemental analysis calculated for
C54H50Cl4N8O16Zn2·H2O·CH2Cl2: C, 45.79; H, 3.77; N, 7.77;
found C, 45.66; H, 3.76; N, 7.93. Caution: perchlorate salts are
potentially hazardous and should be handled with care!

2.4 Screening tests of indicators for selective PPi sensing

For the colorimetric detection of PPi, a solution of each indi-
cator, 400 μM (0.2 mL) in 20% (v/v) water–acetonitrile solution
buffered at pH 7.4 with HEPES, was added into a solution of
Zn2L 20 μM (2 mL) in the same solvent system. Subsequently,
0.3 mL of the tetrabutylammonium salt of the anion (1 mM)
was then added to the as-prepared ensemble. The resulting
mixtures were allowed to stand still for 5 min and then sub-
jected to UV-vis spectroscopic measurements. Photographs
were taken using a digital camera (Canon EOS Kiss X5, Japan).

2.5 UV-vis titrations under the indicator displacement assay

All spectrometric titrations were performed in 20% (v/v) water–
acetonitrile solutions buffered at pH 7.4 with HEPES (10 mM)
in quartz cuvettes. Ensemble formation constants were deter-
mined by adding aliquots of 400 μM (10 μL) complex solution
to 20 μM (2 mL) of each indicator using a syringe. After each
addition, the absorption spectra of the indicator solution were
recorded. Similar titration experiments were performed with
PPi. In a typical titration, aliquots of the solution of PPi
400 µM (10 μL) were added to 20 μM (2 mL) of 1 : 1 or 1 : 2
ensemble solution of Zn2L–MTB. The ensemble formation
constants and the apparent competitive binding constants
were calculated using the SPECFIT32 program.12

2.6 NMR titration experiment

Generally, all reagents in the NMR titration experiments were
prepared in 20% (v/v) D2O–CD3CN. For PPi titration, aliquots
of PPi 0.05 M (5 μL) were added to the 0.5 mL solution of Zn2L
(5 mM) using a syringe. For MTB titration, aliquots of MTB
0.05 M (5 μL) were added to the 0.5 mL solution of Zn2L
(5 mM) using a syringe. For MTB displacement titrations,
aliquots of PPi 0.05 M were added to the 0.5 mL solution of
1 : 1 and 1 : 2 ensemble (5 mM) solutions of Zn2L–MTB. Sub-
sequently, 1H or 31P NMR spectra were recorded.

3. Results and discussion
3.1 Synthesis of L and Zn2L

Ligand L was straightforwardly synthesized in a moderate yield
(41%) by a Schiff base condensation between tripodal tetra-

mine (a) and 9,10-diformylanthracene (b) in refluxing aceto-
nitrile followed by in situ reduction using NaBH4 in refluxing
methanol (Scheme S1 in the ESI†). The dinuclear zinc(II)
complex, Zn2L, was readily obtained by refluxing
Zn(ClO4)2·6H2O with L in ethanol in 88% yield. Ligand L and
the Zn2L complex were characterized by standard analytical
methods (Fig. S1–S5 in the ESI†). The 1H NMR spectrum of
Zn2L in 20% D2O–CD3CN showed rather broad signals, com-
pared to that of the free ligand. A multiplet signal of methyl-
ene protons of the two pyridine groups and the amine group
appeared at 4.29 ppm. The aromatic protons of the aryl rings
connecting to the amine group appeared at more upfield posi-
tions compared to that of L, probably due to the coordination
of the N atom to the Zn(II) center. We proposed that L behaved
as a tetradentate ligand to coordinate Zn(II) using 4 N atoms of
the tripodal tetramine unit.10

3.2 Screening tests of indicators for selective PPi sensing

We first tested the anion sensing capabilities of the receptor
Zn2L by using an indicator displacement assay. In this study,
4 commercial dyes, pyrocatechol violet (PV), bromopyrogallol
red (BPG), methylthymol blue (MTB) and xylenol orange (XO),
which were complexometric indicators for the determination
of metal ions were employed.14 We prepared both 1 : 1 and 1 : 2
receptor to indicator ratios in 20% (v/v) water–acetonitrile solu-
tion buffered at pH 7.4 with HEPES to screen the sensing
abilities toward PPi over other anions.

After the addition of various anions (7.5 equivalents of
tetrabutylammonium salts) to four ensemble solutions, we
found that only the MTB based ensemble of Zn2L was able to
discriminate PPi from other anions as indicated by a color
change from blue to purple, shown in Fig. 1c. However, the
PV– and BPG–Zn2L ensembles responded to all phosphate con-
taining anions because the color of the corresponding ensem-
bles was converted to the color of the unbound indicators. In
the case of the XO–Zn2L ensemble, there were no significant
changes upon addition of all anions. Therefore, the anions
were not able to dislodge the XO indicator. Both MTB and XO
have a similar core structure, they differ only in the bulky sub-
stituents on the rings. We expect that the binding affinity of
the Zn2L–indicator ensemble must play an important role in
the displacement of the indicator by an anion. Compared to
dinuclear Zn(II)–DPA receptors which could undergo IDA using
the indicator PV,6,15 our Zn2L needed a different indicator due
to the change in coordination chemistry around the Zn(II)
center. Therefore, the binding properties of Zn2L with PPi and
the 4 indicators were studied by 1H and 31P NMR spectroscopy
as well as UV-vis spectrophotometry.

3.3 Binding studies of Zn2L with PPi by 1H and 31P NMR
spectroscopy

Upon adding portions of PPi (in 20% D2O–CD3CN) to the solu-
tion of Zn2L, the

1H NMR spectrum of the Zn2L starts broaden
indicating a fluxional behaviour (Fig. 2). When 2 equiv. of
PPi is added, the spectrum becomes resolved. All protons
can be assigned by the HMQC technique. Interestingly, in the
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absence of PPi the aromatic proton a of the dinuclear complex
Zn2L is present in a higher magnetic field region, at δ =
5.3 ppm, probably due to the shielding effect of the ring
current of the aromatic anthracene ring. Upon addition of PPi,
the proton a disappears from the NMR spectrum and
reappears in a more downfield region. The aromatic protons b
and c move downfield and the methylene protons e and f
move upfield. Therefore, protons on the aromatic ring A gener-
ally move significantly while protons g, i, j and k on the
aromatic ring B move to a lesser extent. The proton h of the
methylene linkage between anthracene and the tripodal tetra-
mine unit, functioning as a pivot of the movement, stays sharp

upon addition of PPi. The results imply that the aromatic ring
A probably moves away from the anthracene moiety upon the
binding of PPi to the Zn(II) center.

31P NMR titrations of Zn2L in 20% D2O–CH3CN with portions
of PPi were carried out and the spectra are shown in Fig. 3.
The free PPi has a signal at −6.0 ppm. It can be clearly seen
that adding up to 1.0 equiv. of PPi to the solution of Zn2L gave
a single broad peak at −3.0 ppm due to the formation of a
complex between an equivalent amount of Zn2L and PPi, conco-
mitant with the disappearance of the signal at −6.0 ppm. The
single peak at −3.00 ppm implied that the two P atoms in Zn2L-
bound PPi are magnetically equivalent. Upon adding more than
1 equiv. of PPi, a signal at a more upfield position appears in
the spectrum. After the addition of 4 equiv. of PPi, this peak
shifts to a more downfield position, close to that of the signal of
free PPi, and the signal at −3.0 ppm becomes more resolved.

The best way to obtain the exact structure of the Zn2L–PPi
complex is from the crystal structure determination. However,
we cannot obtain a suitable crystal of the complex for X-ray
crystallography, probably due to the mixed solvent system
(H2O–CH3CN) used in the preparation of the complex. Based
on the several binding modes of PPi toward the metal center
reported previously,16 the density functional theory (DFT)
calculations of a possible complex of Zn2L and PPi in 1 : 1 and
2 : 2 fashions were carried out to find the most stable structure

Fig. 1 Color changes of the Zn2L-based (20 μM, 2 mL) ensembles with various indicators (400 μM, 0.2 mL) at a 1 : 2 receptor to indicator ratio
(a) PV, (b) BPG, (c) MTB and (d) XO in the presence of various anions (1 mM, 0.3 mL), where (1) = Zn2L, (2) = indicator, (3) = ensemble, (4) = HPO4

2−,
(5) = PPi, (6) = SO4

2−, (7) = NO3
−, (8) = CO3

2−, (9) = HCO3
2−, (10) = AcO−, (11) = BzO−, (12) = CN−, (13) = SCN−, (14) = OH−, (15) = I−, (16) = Br−, (17) =

Cl−, (18) = F−, (19) = AMP. (20) = ADP and (21) = ATP, respectively in 20% (v/v) H2O–CH3CN buffered at pH 7.4 with HEPES.

Fig. 2 1H NMR spectra of (I) free Zn2L, (II) Zn2L + PPi 0.5 equiv., (III)
Zn2L + PPi 1.0 equiv., (IV) Zn2L + PPi 1.5 equiv., (V) Zn2L + PPi 2.0 equiv.
and (VI) Zn2L + PPi 2.5 equiv. in 20% (v/v) D2O–CD3CN.
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instead. According to computer simulations, the 1 : 1 complex
model was not possible due to too much strain in the molecule
of the 1 : 1 PPi-bound Zn2L complex. However, six conformers
of dimeric 2 : 2 species represented as 2Zn2L·2PPi were found
and their energies were calculated (Table S1 and Fig. S6–S11 in
the ESI†). All optimized structures were obtained by DFT calcu-
lations using the B3LYP/LANL2DZ level of theory17–19 per-
formed with the GAUSSIAN09 program.20 The most stable
structure of 2Zn2L·2PPi is shown in Fig. 4. The dimeric species
is composed of two Zn2L and two PPi units forming a tetranuc-
lear Zn(II) complex with PPi as bridging ligands. Two oxygen
atoms on each phosphorus of PPi coordinated to one Zn2+ ion,
the same as the structure reported by Hong et al.8b Interest-
ingly, the calculated structure showed a high symmetry struc-
ture of the PPi units. This agreed with the result from the 31P
NMR spectroscopy where the two phosphorous atoms in PPi
appeared as a singlet peak the in 31P-NMR spectrum. In
addition, the calculated structure is also relevant to the signals
that appeared in the 1H NMR spectrum shown in Fig. 2. The
calculated dimeric structure is similar to the structure of the
PPi bound-dinuclear Zn(II) complex reported by Lee et al.21

3.4 Binding studies of Zn2L with MTB and displacement
studies with PPi using 1H NMR spectroscopy

Upon addition of portions of MTB (in 20% D2O–CD3CN) to the
solution of Zn2L (in 20% D2O–CD3CN),

1H NMR spectra were
obtained and are shown in Fig. 5. The 1H NMR spectrum of
Zn2L starts to broaden after adding portions of MTB and is too
complicated to assign each proton signal. However, it can be
clearly seen that upon adding more than 1 equiv. of MTB to
Zn2L, the peak due to free MTB emerges in the spectrum.

Fig. 3 31P NMR spectra of Zn2L (5 mM) upon addition of various con-
centrations of PPi (0.05 M) in 20% (v/v) D2O–CD3CN.

Fig. 4 The most stable DFT-calculated structure of the dimeric 2 : 2
species, 2Zn2L·2PPi complex.

Fig. 5 1H NMR titration spectra of (I) Zn2L (5 mM), (II) MTB, (III)
Zn2L·MTB, (IV) Zn2L·2MTB, (V) Zn2L·MTB + 2.0 equiv. of PPi and (VI)
Zn2L·2MTB + 2.0 equiv. of PPi in 20% (v/v) D2O–CD3CN, where * is the
residue of free MTB present in the ensemble.
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Therefore, 1H NMR titrations of 1 : 1 and 1 : 2 ensembles of
Zn2L and MTB with PPi were carried out in 20% D2O–CD3CN
(Fig. S12 and S13 in the ESI†). The spectra were too compli-
cated to clearly assign the signal to particular protons. Interest-
ingly, after more than 1 equiv. of PPi was added, the spectra of
both 1 : 1 and 1 : 2 ensembles became very similar and were
almost the same as those observed for the 1 : 1 species of
Zn2L·PPi shown in Fig. 2. 31P NMR titrations of the 1 : 1 and
1 : 2 ensembles of Zn2L and MTB with PPi in 20% D2O–CD3CN
(Fig. S14 and S15 in the ESI†) gave almost identical spectra to
the results shown in Fig. 3. These results confirm that MTB
can be replaced by PPi, and most of the final species are PPi-
bound Zn2L.

3.5 Studies of Zn2L–indicator ensembles by UV-vis
spectrophotometry

From the above results, we can clearly see that the new Zn2L
complex can be used to detect PPi selectively. Therefore, we
studied the binding behaviors in aqueous solution using UV-
vis spectrophotometry. To understand the sensing pheno-
menon of our ensembles, we had to determine the ensemble
formation constants (log β) by employing the SPECFIT32
program. Typically, an experiment was carried out by the titra-
tion of Zn2L to a solution of each indicator. The addition of
0–0.4 equiv. of Zn2L to a solution of MTB, resulted in a batho-
chromic shift of the absorption at 450 nm to 530 nm (Fig. 6a)

and the color changed from pale green to violet (Fig. 6b, vials
no. i–v), visible to the naked eye. Subsequently, increasing the
amount of Zn2L to the ensemble solutions, caused the batho-
chromic shift of the absorption at 530 nm to 600 nm and
finally the blue color was observed (Fig. 6b, vials no. vi–xi).
The UV-vis spectrum at 600 nm was completely saturated
around 1.3 equivalents of Zn2L. The results showed that two
species were formed during the titration. From the concen-
tration profile, upon addition of Zn2L to the MTB solution, a
complex of 1 : 2 species of Zn2L·2MTB was present in a
maximum abundance of 15% at 10 μM of Zn2L. On further
addition of Zn2L, a 1 : 1 species of Zn2L·MTB could form in
80% abundance, which was much higher than that of the
Zn2L·2MTB species, Fig. 7. The presence of two co-existing
ensemble species (1 : 1 and 1 : 2) agreed well with the Job’s
plot analysis of the ensembles (Fig. 6a inset) and the unre-
solved 1H NMR spectra shown in Fig. 5.

Ensembles of Zn2L and PV, BPG as well as XO were also
studied by UV-vis spectrophotometry, and their absorption
spectra are shown in Fig. S16–S18 in the ESI.† Stepwise for-
mation constants of all ensembles calculated by SPECFIT32
are tabulated in Table 1. The results showed that two species
were formed during the titration. Upon addition of Zn2L to the
indicator (I) solution, the 1 : 2 Zn2L·2I species occurred
because the concentration of I was much higher than that of
Zn2L at the beginning of titration. Further addition of Zn2L
would yield the Zn2L·I species. Therefore, the Zn2L·I would
exist in high concentration at the end of titrations. The pres-
ence of two co-existing ensemble species of those three indi-
cators (1 : 1 and 1 : 2) agreed well with the Job’s plots (Fig. S16–
S18 in the ESI†).

Fig. 6 (a) UV-vis spectra obtained by the addition of Zn2L (400 μM) to a
solution of MTB (20 μM), inset: Job’s plot analysis of the MTB-based
ensemble and (b) color changes upon increasing the amount of Zn2L
(400 μM) to the MTB (20 μM) solution: (i) free MTB, (ii) 0.1 eq., (iii) 0.2
eq., (iv) 0.3 eq., (v) 0.4 eq., (vi) 0.5 eq., (vii) 0.6 eq., (viii) 0.7 eq., (ix) 0.8
eq., (x) 0.9 eq. and (xi) 1.0 eq.

Fig. 7 Concentration profiles of the species present at equilibrium in
the UV-vis titration of MTB-base ensemble, where % is referred to the
total concentration of MTB.

Table 1 Stepwise ensemble formation constants (log β) between Zn2L
and the indicators

Log β1 Log β2

PV 3.98 ± 0.38 8.43 ± 0.22
BPG 4.76 ± 0.26 9.14 ± 0.26
MTB 6.05 ± 0.16 10.80 ± 0.32
XO 7.72 ± 0.18 13.48 ± 0.28
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XO showed the highest binding constant (log β1) to the
Zn2L receptor compared to PV, BPG and MTB suggesting that
XO could sit in the ensemble cleft with the strongest inter-
actions with Zn2L. The log β1 of MTB to Zn2L was lower than
that of XO. Presumably, the two bulky isopropyl groups of
MTB, giving the more steric hindrance than XO, decreased the
binding affinity of MTB to the Zn2+ metal ions. For PV and
BPG indicators, log β1 values were smaller than that of XO and
MTB suggesting that their structural scaffolds were less suit-
able for coordinating to the two metal centers in Zn2L.

3.6 PPi sensing studies under the IDA approach

The screen test of our IDA system suggests that MTB was the
best indicator to be replaced solely by PPi. In addition, results
from the NMR and UV studies suggest that upon the addition
of excess MTB to Zn2L, both 1 : 1 and 1 : 2 Zn2L–MTB were
formed with the former most dominant in solution. To investi-
gate the sensing ability of PPi under IDA experiments, the chemo-
sensing ensembles were prepared by mixing Zn2L and the
MTB indicator in a 1 : 2 molar ratio in 20% (v/v) water–aceto-
nitrile solution buffered at pH 7.4 with HEPES. The displace-
ment of indicators by anions was carried out by the addition
of various anions to those ensemble solutions. Subsequently,
colorimetric changes as well as the UV-visible spectra changes
were examined. Upon addition of various anions (as tetrabutyl-
ammonium salts, 7.5 equivalents) to the MTB–Zn2L based
ensemble solutions, only PPi could turn the color from blue to
violet, while other anions did not give rise to either changes in
the UV-vis spectra or in color. These results suggest that those
anions did not interfere with the PPi sensing. Indeed, the lack
of interference may be due to the fact that the binding
affinities of the other anions with Zn2L are weaker than that of
MTB with Zn2L. The results suggested that MTB possessed an
appropriate affinity to Zn2L to facilitate such a selective
response to PPi.

The addition of PPi 0–3 equiv. to the 1 : 2 base ensemble of
Zn2L–2MTB led to the hypsochromic shift corresponding to
the disappearance of the absorption band of the ensemble at
600 nm and the appearance of a new absorption band around
530 nm. The UV-vis spectrum at 530 nm was completely satu-
rated at 3 equiv. of PPi (Fig. 8a). In addition, the color of the
ensemble turned from blue to violet. The apparent competitive
binding constants of PPi with Zn2L·MTB in the displacement
assay were determined by SPECFIT32 to be log β1 = 8.97 ± 0.28
and log β2 = 10.79 ± 0.28 corresponding to [Zn2L·2PPi] and
[2Zn2L·2PPi], respectively (Fig. 8b). The presence of the
[2Zn2L·2PPi] species at the end of titration agreed well with the
most stable structure shown in Fig. 4 obtained from DFT calcu-
lations. It should be noted that, the observed violet color in
the PPi competition experiments was similar to the color
observed in the ensemble formation experiments (see Fig. 6b,
vial no. iii).

3.7 Studies of interferences and limit of detection

To further explore the effective applications of the Zn2L–MTB
ensemble, the competition experiments were also measured.

As shown in Fig. 9, even in the presence of a large excess of
other competitive anions, no obvious interference with the
detection of PPi was observed. These results clearly indicated

Fig. 8 (a) UV-vis spectra obtained for the addition of PPi (1 mM) to a
1 : 2 ensemble solution of Zn2L and MTB (20 μM) and (b) concentration
profiles of the species present at equilibrium in the UV-vis titration of
PPi displaced [Zn2L·MTB] ensemble.

Fig. 9 Sensing of PPi in the presence of competitive anions (7.5 equiva-
lents) in 20% (v/v) water–acetonitrile solution buffered at pH 7.4 with
10 mM HEPES; (1) = Zn2L–MTB ensemble + PPi, (2) = (1) + AcO−, (3) =
(1) + AMP, (4) = (1) + ADP, (5) = (1) + ATP, (6) = (1) + Br−, (7) = (1) + Cl−,
(8) = (1) + F−, (9) = (1) + I−, (10) = (1) + BzO−, (11) = (1) + CN−, (12) = (1) +
CO3

2−, (13) = (1) + H2PO4
−, (14) = (1) + HCO3

2−, (15) = (1) + PO4
3−, (16) =

(1) + NO3
−, (17) = (1) + OH−, (18) = (1) + SCN− and (19) = (1) + SO4

2−.
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that the Zn2L–MTB ensemble was useful for selectively sensing
PPi even under competition from other related anions, which
would fulfill the purpose of real-time monitoring. In addition,
the detection limit of the absorption changes calculated on
the basis of 3σ/K was 0.3 μM (Fig. S20, ESI†).22

4. Conclusions

We demonstrated for the first time that the tripodal tetramine
dinuclear Zn(II) complex Zn2L could be used to discriminate
PPi from other phosphate containing anions under the indi-
cator displacement assay using MTB as the indicator. Based on
DFT calculations and NMR data, the binding mode of PPi to
Zn2L was the 2 : 2 complex species. It was found that the MTB
indicator possessed suitable binding affinities with Zn2L com-
pared to the previously reported PV indicator found in dinuc-
lear Zn(II)–DPA systems resulting in the high discrimination
between PPi and other phosphate containing anions. There-
fore, the new Zn2L–MTB ensemble system could be used to
detect PPi selectively with the detection limit of 0.3 μM in 20%
(v/v) water–acetonitrile solution buffered at pH 7.4 with
HEPES.
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