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Two colorimetric thiourea-based chemsensors with two
relatively rigid arms, 2A and 2B, were synthesized. Their
binding abilities with halide anions, AcO™, H,PO, were
studied by UV-Vis spectroscopy in DMSO. The two
sensors showed a notable selective color response to F~
anion from colorless to green—yellow in recognition.
The structures of the two sensors and their binding
behaviors are discussed. The association constants were
calculated by nonlinear fittings of 1:1, 1:2 or 1:1 to 1:2.

Keywords: Colorimetric sensor; Fluoride; Anion recognition;
Thiourea; Crystal structure

INTRODUCTION

In recent years, there has been a great development
in the design of receptors for recognizing and
sensing ions and small molecules. The recognition
and sensing of important anionic guest species in
biology and the environment by artificial receptors
have attracted increasing attention in the field of
supramolecular chemistry [1-6]. A variety of
artificial receptors have been designed and syn-
thesized, and their binding selectivities toward
different anions have been investigated [7-11].
In particularly, the design of colorimetric chemsen-
sors for anions is developing rapidly in this field,
because an obvious color change can be observed by
the naked eye and has a reliable calibration stability
[12—-18]. This type of sensor is generally composed of
at least two parts: an anion binding site and a signal
subunit. Anion binding sites based on various
binding groups including Lewis acids, [19,20]
protonated polyammonium macrocycles, [21,22]
pyrroles, [23-26] guanidiniums, [27,28] metallo-
receptors [29,30] etc. have been proved effective in

anion recognition. Because of its binding strength
and direction, hydrogen bonding is one of the most
important recognition elements in anion sensing and
plays a key role in biological processes [31,32].
Hydrogen bonding for the fluoride ion is especially
effective in recognition of halide ions. The signal
subunit is often a chromophore that can transform
receptor—anion interactions into optical signals.
A clear color change from colorless to chromatic for
anion recognition is especially attractive because it’s
relatively more perceivable. Colorimetric sensors of
this type for anions are still rare [33] due to the
difficulty in the design of them.

In this article, we report the synthesis and binding
properties of two thiourea-based colorimetric chem-
sensors 2A and 2B (Scheme 1). The recognizing
selectivities of two receptors for different anions
have been investigated by UV-Vis spectra. The
binding models involving 1:2 and 1:1 to 1:2 are
discussed and association constants are calculated by
nonlinear least-square curve fittings.

RESULTS AND DISCUSSION

X-ray Structural Analysis of 2A

The single crystal of 2A consists of 2A-2CH3;OH. The
structure (Fig. 1) features the molecule with three
benzene ring planes (the main one and two on the
arms) and two thiourea planes. The molecule adopts
a zigzag formation such that intermolecular inter-
actions are easy to form. The crystal of 2A-2CH;OH
is formed mainly by hydrogen bonds and m-m
stacking interaction. Fig. 2 shows the intermolecular
interactions in the crystal of 2A-2CH;OH.
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SCHEME 1 Synthesis of 2A and 2B.
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FIGURE 1 Crystallography of 2A-2CH3;OH (partial hydrogen atoms were removed for clarity).

Selected bonding parameters are listed in Table I and
hydrogen bonds are in Table II. There are two type of
intermolecular hydrogen bonds: those between
C=0 or C=S and NH units on the arms of 2A,
and those between NH of 2A and solvent CH;OH.
The distribution of w—m stacking in the crystal can be
seen more clearly in the packing diagram of
2A2CH3;OH in Fig. 3. In a symmetric unit of
2A-2CH30H, the main benzene rings of two

molecules are w—m stacked. Units are hydrogen
bonded to form the layers of the crystal. Between two
layers are arms of 2A and molecules of CH;O0H,
which connect two layers. The single crystal of the
sensor 2B cannot be obtained in the same way as 2A,
which may be ascribed to the different hydrogen
bonding styles led by the structural difference
between 2A and 2B [34]. The nitrogen atom in the
pyridine ring of 2B may form hydrogen bonds with

FIGURE 2 Partial structure of intermolecular hydrogen bonds and w—m stacking in 2A-2CH;OH. Hydrogen bonds are shown as dashed

line. Partial hydrogen atoms are omitted for clarity.
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TABLE I Selected bond lengths (A) and angles (°) for 2A

S(1)-C(7) 1.698(3) N(2)-N(@3) 1.394(3)
N(1)-C(7) 1.341(3) N(3)-C(8) 1.362(4)
N(1)-C(6) 1.430(4) C(8)-C(10) 1.510(4)
N(2)-C(7) 1.345(4)

O(1)-C(8)-N(3) 121.9(3) N(1)-C(7)-5(1) 124.4(2)
O(1)-C(8)-C(10) 123.1(2) N(1)-C(7)-N(2) 117.7(2)
N(3)-C(8)-C(10) 115.0(3) C(7)-N(1)-C(6) 127.3(2)
C(8)-N(3)-N(2) 121.3(3) C(1)-C(6)-N(1) 118.5(3)
C(7)-N(2)-N(3) 122.2(2) C(5)-C(6)-N(1) 121.5(3)
N(2)-C(7)-5(1) 117.8(2)

C10D..C10H* 3.4257

*Distances between C10D, C11D, C12D, C13D, C14D, C15D and C10H,
C11H, C12H, C13H, C14H, C15H are 3.4257 A.

the adjacent NH on the two arms, leading to the
closing of the two arms and the weakening of
intermolecular interactions.

Absorption Spectra

Fig. 4 shows the absorption spectra changes of 2A in
DMSO upon addition of fluoride ion. The character-
istic absorption peak of 2A in DMSO is at about
266 nm. With the addition of F~ to the solution of 2A
in DMSO, the characteristic absorption peak of
the host at about 266nm was increased slightly
with a slight red shift, and a new peak at 350 nm is
produced. At the same time, the color of the solution
of 2A changes from colorless to green—yellow. The
color change can be completely reversed by addition
of a small amount of CH;0H, which demonstrates
the hydrogen bonding between 2A and F during
recognition. In fact, the solvent molecule of CH;OH
plays an important role in the crystal of 2A; we
obtained only the crystal of 2A-2CH;0H from a
mixed solution of equivalent 2A and AcO™ or F~ in
CH3OH. The inset in Fig. 4 indicates the absorption
change of the solution of 2A upon gradual increase
of the concentration of F~ at 350nm. Fig. 5 shows
the Job plot of 2A with F~ ion (at 350nm). The
receptor—anion complex concentration approaches a
maximum when the molar fraction of guest is about
0.66, meaning that receptor 2A and F~ anion formed
a 1:2 complex [35].

TABLE II  Selected hydrogen bonds (A and °) for 2A*

D-H d(D-H) dMH.A) <DHA dDA) A
03-H3 0.82 2.263 145.19 2,973 o1
03-H3 0.82 2.595 12321 3.12 01
04-H4 0.82 1.985 165.68 2.787 03
N5-H5E 0.858 2478 177.41 3.336 s1
N2-H2E 0.869 2.582 167.08 3.435 s2
N4-H4E 0.804

N3-H3E 0.815 2.807 167.04 3.606 s1
N1-H1E 0.876 1.985 155 2.803 02
N6-H6E 0913 2.051 158.22 2918 04

*Hydrogen bonds with H..A < r(A) + 2.000 A and (DHA) 110°.

FIGURE 3 Packing diagram of 2A-2CH;OH.

Addition of F~ to a solution of receptor 2B in
DMSO leads to a similar color change. Upon
addition of F~, the color of the solution of 2B in
DMSO changes from colorless to green—yellow also.
Fig. 6 shows the absorption spectra changes of 2B in
DMSO upon addition of F~, a new peak at 377nm
was produced and increased gradually with a slight
blue shift from 377 to 359 nm. The obvious increase
in the absorption spectra in the adjacent visible
region at 350nm (2A) or 359 nm (2B) results in the
color change. The curve of absorption change of 2B at
359 nm (Fig. 6, inset) is entirely different from that of
2A, which suggests possibly a different binding style
of 2A or 2B with F~ due perhaps to the different

e
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FIGURE 4 Absorption spectra changes of 2A in DMSO upon
addition of F™. The inset is the nonlinear least-square fitting curve
at 350nm. [2A] =5x10°M and [F ] is from 0 to 2.25X 107> M.
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FIGURE 5 Job plot of F~ with 2A. Total concentration
([F 1+ [2A])is 14X 107* M.

inter/intramolecular hydrogen bonds in the
complexation between 2A or 2B and F~ in DMSO.
The binding model between 2B and F can be
assumed to form a complex of 1:1 to 1:2. The possible
binding style of 2A or 2B with F~ is showed in Fig. 7.

The same color changes can be observed upon
addition of AcO ", H,PO, to the solution of 2A or 2B
in DMSO. New peaks occur in the absorption spectra
at 350nm (2A) or 359nm (2B). Fig. 8 shows the
nonlinear fitting curves of the absorption spectra
changes of 2A (at 350 nm) or 2B (at 359 nm) in DMSO
upon addition of AcO ™ or H,PO, . Again, slight blue
shifts of the peaks can be observed upon addition of
these anions to the solution of 2B in DMSO.
The difference in binding of these anions and F~
with two hosts lies in the different stoichiometry
between host and guest. Job plots show that
the binding stoichiometry of AcO~ or H,PO,
with 2B is 1:1, which may be due to the larger size
of these anions. Nonlinear 1:1 curve fittings [36] on
these UV-Vis spectra changes of 2A or 2B have
perfect results (Table III).

The absorption spectra of 2A or 2B in DMSO
shows almost no change upon addition of a large
excess of the other halide anions including CI~,
Brand I (e.g., [Cl7]/ [2A] > 50), which may be due
to their weak hydrogen bonding abilities.

1.2
0.8
0.8 5
5 77 204
E=] ?
= g
2 04 0.0
_Q .
= 0.0500 0.0005 0.0010
[F-]
0.0

300 350 400 450 500
Wavelength / nm

FIGURE 6 Absorption spectra changes of 2B in DMSO upon

addition of F~. The inset is the 1:1 to 1:2 nonlinear fitting curve at

377nm. [2B] = 5% 107> M, and [F ] is from 0 to 1.13 X 1073 M.

F. @
Q@
2A
2B

FIGURE 7 Schematic diagram of binding of 2A or 2B with F™.

'H NMR Titration

"H NMR titration of F~ adding to 2A in DMSO-d;
([2A] = 0.04M) was carried out to investigate the
chemical shift change of the NH groups led by
hydrogen bonding. Before addition of F~, the 'H
NMR chemical shifts of the three active protons on
the NH groups of 2A in DMSO are 10.60, 9.75,
9.65 ppm respectively. When [F [:[2A] is 0.5, the
proton peaks are broadened, one is shifted down-
field from 10.60 to 10.65 ppm and the other two are
combined (9.70 ppm). When [F ]:{[2A] is changed
to be 1 or 1.5, the peak at 10.65ppm is
further broadened and shifted downfield to
10.80 or 10.87 ppm, and the peak at 9.70 ppm shows
almost no change (9.66, 9.64 ppm). The continuous
downfield shifts can be ascribed to the formation of
hydrogen bonds between the NH groups of 2A and
F . However, the addition of F only slightly affects
the other two NH groups, which seems to mean that
the two NH groups play a minor role in the
complexation.

Calculation of Association Constants

For the complex with 1:1 stoichiometry between 2A
or 2B with AcO™ etc., the association constants can be

- - 2A
-- 2A
- 2B
~--2B

0 4 8 12 18 20 24
Equiv. of guest

FIGURE 8 Nonlinear fitting curves of 2A (350 nm) or 2B (359 nm)
in DMSO upon addition of AcO™ or H,PO, . [2A] =5X 107> M,
[2B] =5%10"°M.
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TABLE III Calculated association constants k and correlation
coefficients R of 2A or 2B with anions*

2A R kMY 2B R kMY
AcO™ 0.99816 2.62%x10° AcO~ 0.99192 1.13 x 10°
H,PO; 0.99692 1.40x10° H,PO, 0.98883 1.46 x 10*
Ft 099577 344x10% F 1 099381 K 2.86 x 10*

k> 1.20 x 107
Cl,Br,I'S - -

*Errors <10%; " The constants are calculated by a 1:2 equilibrium; ¥ (Mfz);
IThe constants are calculated by a 1:1 to 1:2 equilibrium; $No obvious
spectra change can be observed even when far excess of these anions are
added.

calculated according to the following equation:

A=Ay+05XAeX{Cy+ Cc+1/K;

— [(Cu + Cg + 1/Ks)* — 4C X C]?)

Where A is the absorption intensity; Ay is the
absorption of pure host. Cy and Cg are the overall
concentrations of the host and the guest respectively;
K, is the association constant.

In a system of 1:2 binding equilibrium, we can get
several equations:

H+2G k HG,

_ [HG:]
[H][G]?
[H] 4+ [HG;] = Hy

[G]+2X[HG2] =x

and the absorption equation deduced from Lambert—
Beer Law:

y=e X [H] 4 e; X [HG;]

where [H], [HG;], [G] are species concentrations in
the solution respectively; k is the association constant; x
is the total concentration of the guest G; Hy is the initial
concentration of the host H; ey and e, are molar
absorption coefficients of H and HG,, respectively; y is
the absorption value under a given wavelength and a
given x value.

Herein we introduce a variable a:a = [G]/H,.
Subsequent deduction will give a cubic equation
with one variable a:

(kx Hj) x a3+ (2x kX Hy — kX Ho X x) X a*
+a—-x/Hy=0

The equation is resolved by the Newton—Rapson
formula in the following nonlinear curve fitting, and
the values of ey, e;, and k are worked out. The
equation for a system involving 1:1 to 1:2 binding
model can be deduced and resolved in a similar way.
The association constants are listed in Table III,
which shows that 2A or 2B binds to AcO™ more

strongly than H,PO, , and 2B shows high selectivity
to bind to AcO™ against H,PO, . Furthermore, 2B
shows a stronger binding ability with AcO™ than 2A
does, which may be due to their different structures
in DMSQO, because the two arms of 2A have to
be close to each other before forming a 1:1 complex
with AcO™.

CONCLUSION

Two novel thiourea-based compounds, 2A and 2B,
are found to be good colorimetric sensors for anions.
Their binding properties with halide anions, AcO™
and H,PO, in DMSO have been studied by UV-Vis
spectroscopy. Receptors 2A, 2B form 1:1 complexes
with AcO™ or HyPO, , respectively. Receptor 2A
forms a 1:2 complex with the fluoride ion, whereas
2B forms al:1 to 1:2 complex with the fluoride ion.
Both 2A or 2B have a high selectivity for recognition
of the fluoride ion among halide ions with a clear
color change from colorless to green—yellow at
recognition and show promise to be used as
colorimetric chemosensors for fluoride ion.

EXPERIMENTAL

Materials and Methods

Dimethyl isophthalate and dimethyl 2,6-pyridine-
dicarboxylate were synthesized according to the
literature [37,38]. Anions were used as their tetra-
butylammonium salts. All other commercially
available reagents were used without further
purification.

Melting points were measured on a Reichert 7905
melting-point apparatus (uncorrected). Infrared
spectra were performed on a Nicolet 670 FI-IR
spectrophotometer. FAB mass spectra were recorded
on a ZAB-HF-3F spectrometer and the ESI mass
spectra were recorded on a Finnigan LCQ advantage
spectrometer. Elemental analyses were determined
by a Perkin-Elmer 204B elemental autoanalyzer.
"H NMR spectra were recorded on a Varian Mercury
VX-300MHz spectrometer. '?°C NMR spectra were
recorded on a Varian Inova-600. UV-Vis spectra were
taken on a TU-1901 spectrometer.

Synthesis

Compound 1A  (isophthalate-dihydrazide).
Dimethyl isophthalate (0.97 g, 5mmol) and hydra-
zine hydrate (85%, 20mmol) were added into
ethanol (20ml). After refluxing for 1h, the solution
was concentrated to 1/4, and then was cooled to
room temperature. After filtration, the collected
precipitate was washed with water and cold ethanol,
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respectively. The residue was dried to give needle
crystals of solid 1A (0.89 g, yield 92%). mp >220°C;
IR (KBr film, »/cm™): 3265 (N-H), 3096 (C-H), 1638
(C=0); 'H NMR (300MHz, DMSO-ds;, 8/ppm):
9.68 (s, 2H, O=C-NH), 827(s, 1H, PhH), 7.97
(d, J]=7.5Hz, 2H, PhH), 746 (t, ] =75Hz, 1H,
PhH), 3.93 (s, 4H, NH,). The solid can be used in
further reaction directly.

Compound 2A. 1A (0.10g, 0.5mmol) and DMF
(10ml) were added to a flask; p-methylphenyl
isothiocyanate (0.16 g) was then added. After stirring
at room temperature for 10 min, the solution turned
clear. After stirring for 1h, distilled water (20 ml) was
dropped into the solution. The resulting precipitate
was filtered and washed slowly with distilled water
(5 x 10ml) and cold diethyl ether (3 x 10ml),
respectively. The crude solid gave a clear "H NMR
spectrum. The solid was recrystallized in methanol
and dried in vacuum to give 2A as a white powder
(0.18g, yield 71%), mp 177-179°C: 'H NMR
(300MHz, DMSO-ds, 8/ppm): 10.60 (s, 2H, NH),
9.75 (s, 2H, NH), 9.65 (s, 2H, NH), 8.46 (s, 1H, PhH),
8.10 (d, 2H, ] = 7.5Hz, PhH), 7.59 (t, 1H, ] = 7.5Hz,
PhH), 7.24 (d, 4H, ] =8.1Hz, PhH), 7.10 (d, 4H,
J =8.1Hz, PhH), 2.27 (s, 6H, CH;); *C NMR
(600MHz, DMSO-ds, 6/ppm): 181.8 (CS), 166.2
(CO), 137.3 (C Ph), 134.9 (C Ph), 133.4(C Ph), 131.6
(C Ph), 129.2-128.4 (C Ph), 126.7 (C Ph), 21.2 (CH,);
IR (KBr film, »/cm™"): 3250, 3203, 3029, 2918, 2860,
1669, 1644, 1540, 1514, 1244. MS (FAB): m/z 493
(M* 4+ 1). Anal. Calcd for Cp4H,4N¢O,S,: C, 58.52; H,
491; N, 17.06. Found: C, 58.27; H, 5.01; N, 16.95.

1B (2,6-pyridine-dihydrazide). 1B was synthe-
sized in the same way as 1A by the reaction of
dimethyl 2,6-pyridinedicarboxylate with hydrazine
hydrate (yield 90%), mp >220°C.

Compound 2B: 2B was synthesized in the same
way as 2A by the reaction of 1B (0.10g) with
p-methylphenyl isothiocyanate (0.16 g) to give an off-
white power (0.19g, 73%), mp 200°C decomp.
'H NMR (300 MHz, DMSO-ds, 8/ppm): 11.20
(s, 2H, NH), 9.86 (s, 2H, NH), 9.75 (s, 2H, NH), 8.22
(bs, 3H, PyH), 7.26 (d, 4H, | = 7.8 Hz, PhH), 7.08
(s, 4H, ] = 7.8 Hz, PhH), 2.26 (s, 6H, CH3); '*C NMR
(600 MHz, DMSO-d¢, 8/ppm): 181.7 (s, CS), 166.2
(CO), 137.3 (C Ph), 134.9 (C Ph), 133.4(C Ph), 131.6
(C Ph), 129.2-128.4 (C Ph), 126.8 (m, C Ph), 21.2
(s, CHs); IR (KBr film, v/cm™"): 3268, 3228, 2963,
2923,1704, 1675, 1540, 1514, 1274; MS (FAB): m/z 494
(1\/IjL + 1) Anal Calcd for C23H23N70282: C, 5597, H,
4.70; N, 19.86. Found: C, 55.71; H, 4.95, N, 19.67.

Crystal Structure Determination of Compound 2A

Single crystals (colorless blocks) of 2A were grown
from CH30H at room temperature. Crystal data was
recorded on a R-AXIS-IV single-crystal diffracto-
meter in Zhengzhou Univ. Henan. Crystal data:

2A-2CH;0H, Empirical formula: CysH3:NO4S,,
Formula weight = 556.7, crystal size: 0.20 X 0.18 X
0.18 mm; triclinic; space group P1 (no. 2), Z=2, u
(Mo-K\a) = 0.230mm™'; T =291K, wavelength
0.71073A; 6 range for data collection: 1.55 to 25.00
deg; completeness to 26 = 25.00: 87.4%; Refinement
method: full-matrix least-squares on F?; goodness-
of-fit on F?: 0.992; 3712 reflections measured, 3721
unique (Rj = 0.000); a =10.707(2), b =10.708(2),
c=14.186(3) A, a=9691(3)°, B=106.83(3)°, y=
110.21(3)°, V =1416.3(5)A% R, wR (all data):
0.07912, 0.1395, final R, wR [I > 20(])]: 0.0525,
0.1307. Software for structure solution/refinement:
SHELXL-97 — DOS/WIN95/NT VERSION. CCDC
number: 249060.

Binding Studies

The studies on binding properties of hosts were
carried out in DMSO. UV-Vis spectra study was
carried out with a series of solutions of 2A or 2B
(5.0X107°M™!) containing different amounts of
anions. All of the titrations were carried out two or
more times to get average values. Association
constants were calculated by means of nonlinear
least-square curve fittings with Origin 7.0 (OriginLab
Corporation).
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