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Abstract The relative binding affinities of several anions
towards 2-nitroazophenol thiourea-based receptors were
studied using density functional theory (DFT) in the gas
phase and in chloroform solvent via PCM calculations. Both
receptors have five distinctive NH and OH hydrogen donor
atoms. All receptor—anion complexes are characterized by
five intermolecular hydrogen bonds. The binding free ener-
gies are strongly influenced by a dielectric medium, and the
solvation effect alters the trend of anion binding to the
receptor. The calculated order of anion binding affinity for
the receptor in chloroform, H,PO, > AcO >F > Cl >
HSO, > NOs, is in excellent accord with experimental
findings. The overall order of binding affinity is attributed to
the basicity of the anion, the effect of solvation, and the
number of proton acceptors available. Calculations of the
NMR and UV-vis spectra strongly support the experimental
characterization of the receptor—anion complexes. Explicit
solvent molecular dynamics simulations of selected recep-
tor—anion complexes were also carried out. Analysis of the
structural descriptors revealed that the anions were strongly
bound within the binding pocket via hydrogen-bonding
interactions to the five receptor protons throughout the
simulation.
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Introduction

Anions play fundamental roles in many biological and
chemical processes and in structures such as amino acids,
neutrotransmitters, enzyme substrates, co-factors, nucleic
acids, etc. They are also essential ingredients used by a
variety of industries related to agricultural fertilizers, food
additives, and water. In recent years, environmental con-
cerns have necessitated the development of highly selective
anion sensors. As a result, there has been a considerable
surge of interest in developing neutral organic receptor
molecules which are capable of binding a specific anionic
guest selectively [1]. One of the most popular approaches to
molecular sensing involves the development of chromogen-
ic sensors [1—3]. This type of sensor system consists of two
components: a subunit that is capable of interacting with an
anion, and a sensing subunit in which spectroscopic features
change upon anion binding [2, 3]. These two components
are either covalently attached or intermolecularly connected.
When appropriately designed, chromogenic anion sensors
allow the “naked eye” detection of anions without the need
for any spectroscopic measurements [4—7].

Thiourea is a notably good hydrogen-bond donor and an
excellent anion receptor for carboxylate and dihydrogen
phosphate anions [8, 9]. Hong and co-workers have reported
the anion sensing of an azophenol-thiourea-based receptor,
compound 1 (R = n-butyl, Scheme 1) [10]. They determined
the association constants for anion binding using "H NMR
and UV-vis titrations in CDCl;. H,PO4 , AcO , and F were
found to yield stronger complexes with receptor 1 than other
anions. The anion recognition, which occurred via hydrogen-
bonding interactions, was monitored by anion-complexation-
induced changes in "H NMR and UV-vis absorption spectra.
Although anion sensor 1 allows the colorimetric detection of
H,PO, , AcO, and F, this sensor system does not discrim-
inate between these anions. A dual-chromophore anion sensor
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Scheme 1 Anion complexation NO,
of azophenol thiourea-based
receptor (1 or 2)

with p-nitrophenylazophenol and p-nitrophenyl-thiourea moi-
eties, 2 (R = C¢gHsNO,, Scheme 1), was subsequently devel-
oped by Hong et al. [11]. Changing the substituents at the
thiourea moieties of 1 from butyl groups to p-nitrophenyl
groups leads to more efficient colorimetric differentiation of
F, H,PO, , and AcO ", which have similar basicities. In
recent years, several azophenol-based receptors have been
reported to be efficient chromogenic sensors [12, 13].

To the best of our knowledge, there are very few com-
putational studies on chromogenic anion sensors, despite the
publication of a few theoretical studies on anion recognition
[4, 6, 14-18]. Theory could provide valuable insights into
the structures of receptor—anion complexes, the observed
binding discrimination, optical properties, and effects of
solvation. It is intriguing to ask whether theory can repro-
duce the trend in anion binding affinity and the spectroscop-
ic features of anion binding. Hence, we chose to investigate
the anion binding of 2-nitro-azophenol thiourea-based
receptors in this benchmark theoretical study. To this end,
we performed density functional theory (DFT) calculations
on the receptor—anion complexes between the receptors (1
and 2, Scheme 1) and several anions, namely fluoride,
chloride, acetate, nitrate, dihydrogen phosphate, and hydro-
gen sulfate anions. Experimentally, the receptor—anion com-
plexes were characterized by NMR and UV-vis spectra.
Thus, we also computed the transition energies and the
chemical shielding of selected receptor—anion complexes
for comparison with experiment. To further shed light on
the stability and conformational dynamics of the anion—
receptor complexes in solvent, molecular dynamics (MD)
stimulations in the presence of explicit chloroform solvent
were also carried out.

Computational methods
The intermolecular complexes of azophenol-thiourea recep-

tors (1 and 2) with anions (A~ = F, CI', AcO, NO3,
H,PO, , and HSO, ) were examined by density functional
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theory (DFT) calculations. Geometry optimizations were
performed with the hybrid B3LYP [19, 20] functional in
conjunction with a split-valence polarized 6-31 G(d) basis
set. Higher-level relative energies were computed at the
B3LYP/6-311+G(d,p) level based on the B3LYP/6-31 G(d)
optimized geometries, and included zero-point energy
(ZPE) correction (B3LYP/6-31 G(d) value, scaled by a
factor of 0.9804) [21]. The interaction (or binding) energy
(AE;,) of the receptor—anion complex was calculated as the
difference between the energy of the complex (Er...o—))
and the total energy of the receptor (ER) and the anion
(Ea—)- The binding free energy (AG) was computed from
the equation AGt = AHr — TAS, where AS is the entropy
change and AHt = AHy + (Ht — Hy). The effect of solvent
on the anion complexation was investigated by an implicit
solvent model based on the polarizable continuum model
(PCM) [22, 23]. The UAKS model was used for the molec-
ular cavity in the PCM calculations. Both electrostatic and
nonelectrostatic contributions were included in the calculated
solvation free energies.

For all investigated species, a charge density analysis was
performed using the natural bond orbital (NBO) approach
based on the B3LYP/6-31 G(d) wavefunction [24]. NBO
atomic charges of small molecules have been demonstrated
to agree well with measured electron densities [25]. NMR
shielding tensor spectra of 1 and its anion complexes were
computed with the gauge-independent atomic orbital
(GIAO) method [26, 27]. The proton chemical shifts, with
tetramethylsilane (TMS) used as the reference, were com-
puted at the B3LYP/6-311+G(d,p) level in chloroform sol-
vent (¢=4.7). The transition energies of receptors 1 and 2
and their anion complexes were calculated using the time-
dependent DFT (TD-DFT) method [28, 29] at the B3LYP/6-
31+G(d) level. A recent TD-DFT study of typical chromo-
phores using several common DFT functionals, including
B3LYP, has shown that it is important to include diffuse
functions when attempting to predict vertical transition en-
ergies, and the 6-31+G(d) basis set provide a good, eco-
nomical choice for large systems [30]. All DFT calculations
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were performed using the GAUSSIAN 03 software package
[31].

Molecular dynamics simulations were carried out using
the AMBER 10 program [32] for selected receptor—anion
complexes in explicit chloroform solvent at room tempera-
ture. These MD calculations were accomplished using the
full-atom AMBER99 (GAFF) force field [33]. The chloro-
form solvent molecules were described using a full-atom
model [34]. Partial RESP fitted charges were derived from
B3LYP/6-31 G(d) calculations. The starting geometry of the
explicit solvent simulations was obtained from simulated
annealing in the gas phase. The simulated annealing was
performed with a starting temperature of 700 K followed by
slow cooling to 0 K. This procedure was repeated several
times, with the total heating time varying from 100 to
1000 ps. The resulting anion-receptor complex structure
was then placed in an octahedral box of chloroform solvent
molecules. The total system of solute and solvent was min-
imized, followed by 50 ps of NVT heating to 300 K and
50 ps of NPT equilibration at 300 K. A 1 ns production run
was carried out after equilibration. The density of the equili-
brated box was in close agreement with the experimental
density of chloroform. The SHAKE algorithm was employed
in the solvated simulations, thus allowing the use of a 2 fs time
step. Nonbonded interactions were restrained to a 12 A cutoff,
and the particle mesh Ewald method was used to treat long-
range electrostatic interactions. The temperature was con-
trolled by a Langevin thermostat with a collision frequency
of 1.0 ps '. The structures of the anion—receptor complexes
and density distributions for both complexes and solvents
were analyzed.

Discussion
Structures of anion receptors

First, we investigated the structures and energies of the
azophenol-thiourea receptors 1 and 2. To explore various
possible conformations of the receptors, conformational
analysis was carried out initially for 1. The conformational
search, performed at the HF/3-21 G level, was carried out
using a Monte Carlo algorithm in the SPARTAN program
[35]. In both receptor systems, there are two key conforma-
tions, a and b, that arise from different orientations of the
two thiourea units towards the azophenol ring. The lowest-
energy conformation (la or 2a) corresponds to a trans
arrangement of the two thiourea groups (Fig. 1). This con-
formation (a) is characterized by a favorable S---H hydrogen
bond between one of the thiourea sulfur atoms and the
phenolic OH proton. The S--H distances in 1a and 2a are
2.184 and 2.210 A, respectively. For comparison, the sum of
their van der Waals radii is 2.80 A [36]. Both sets of thiourea

Fig. 1a-b Optimized (B3LYP/6-31 G(d)) geometries of two confor-
mations (a and b) of azophenol-thiourea receptors (1 and 2). Intermo-
lecular S:-H hydrogen bonds are indicated by dotted lines

NH protons are in an anti arrangement in 1a and 2a. Con-
former b is less stable than a by 8 and 17 kJ mol ' (B3LYP/
6-311+G(d,p)//B3LYP/6-31 G(d)+ZPE level) for 1 and 2,
respectively. However, conformer b is more important in
terms of the receptor—anion interaction, since five hydrogen
donor protons—namely four thiourea NH protons and one
phenolic OH proton—are available within a potential bind-
ing pocket for a small anion (Fig. 1). In other words, this
receptor conformation readily provides a suitable anion
binding pocket with the maximum number of hydrogen-
bonding donor atoms. The relative energy between the two
conformations is found to be sensitive to the effect of
solvation. In a dielectric medium, the relative energy of
conformer b is significantly reduced. The calculated relative
energies of 1b and 2b in chloroform (¢=4.9) are 5 and
4 kJ mol ', respectively. Thus, the “claw”-like conformer
b, with two flexible thiourea arms, is easily accessible in a
dielectric medium. Again, the intramolecular S--H hydrogen
bond is present in both conformers, 1b and 2b (Fig. 1).

The two thiourea groups of the receptors are fairly flex-
ible. To accommodate the intramolecular hydrogen bonds,
both thiourea moieties are significantly distorted from pla-
narity in conformations a and b. For instance, the calculated
torsional angles of the two thiourea units (with respect to the
plane of the azophenol ring) in 1a are 64 and 87°. It is
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important to note that the thiourea NH protons and phenolic
OH proton bear strong positive charges, 0.42—0.51 au, in
both receptors. Thus, 1b and 2b are characterized by five
strong hydrogen-bond donor atoms. The positions of the
five protons suggest that the receptor can readily bind with
three oxygen atoms of the tetrahedral anions H,PO, and
HSO, . All receptor conformations are characterized by a
fairly large dipole moment of >10 debyes.

Structures and interaction energies of receptor—anion
complexes

Next, we examined the structures and binding energies of
the 1:1 complexes between the azophenol-thiourea receptor
2 and various anions (F, CI', AcO", NOs, H,PO,4 , and
HSO, ). In receptor 2, one phenol OH and four thiourea NH
protons could function as anion-binding moieties. As shown
for the optimized geometries of all receptor—anion com-
plexes (Fig. 2), all five receptor protons interact coopera-
tively with various anions through hydrogen bonds. The
intermolecular hydrogen-bond distances of these complexes
are given in Table 1. Not surprisingly, the phenolic hydro-
gen bond is significantly stronger than the others, as
reflected in its shorter hydrogen-bonding distance (Table 1).
Interestingly, the halide ion (F or CI") forms five X—H---A™
(X =N or O) hydrogen bonds with the receptor in a penta-
dentate fashion (Fig. 2). For acetate and nitrate complexes,
two anion oxygens are involved in intermolecular hydrogen-
bonding interactions. One oxygen interacts simultaneously
with the phenol proton and two NH protons of one thiourea
group, while the other oxygen interacts with two NH pro-
tons of another thiourea unit. In the H,PO, and HSO,
complexes, three out of the four anion oxygens are involved
in intermolecular hydrogen bonds (Fig. 2). As expected,
hydrogen bonds with the P=0 or S=O oxygens are favored
over the hydroxyl oxygens in the most stable forms of these
complexes. Overall, both thiourea arms of receptor 2 are
sufficiently flexible to accommodate anions of different
sizes and to achieve maximum intermolecular interactions
via hydrogen bonds. This is clearly demonstrated in the
space-filling models of the anion—receptor complexes (see
Fig. S1 of the “Electronic supplementary material,” ESM).
We note that weaker C—H---O interactions [37, 38] are also
observed in the optimized geometries of the AcO , H,PO, ,
and HSO, complexes. It is important to note that the
B3LYP/6-31 G(d) optimized geometries of various anion—
receptor complexes are sufficiently reliable, based on com-
parisons with larger basis-set optimizations, namely those
utilizing 6-31+G(d), 6-31 G(d,p), 6-31+G(d,p), 6-311+G(d,p),
for the chloride complex.

The computed gas-phase (¢=1) binding energies (AE,,
AH,gg, and AG»gg) of the receptor—anion complexes at the
B3LYP/6-311+G(d,p)/B3LYP/6-31 G(d) level are given in
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2-H,PO,

2-HSO,”

Fig. 2 Optimized (B3LYP/6-31 G(d)) geometries of various receptor—
anion complexes. Intermolecular hydrogen bonds are indicated by
dotted lines

Table 2. The predicted binding free energies are fairly large
(>200 kJ mol ') in all cases. This high gas-phase interaction
energy is not unexpected, because the hydrogen-bonding
interactions involve an anionic species. For instance, the
F-H-F complex has been found experimentally to have a
substantial binding enthalpy (AH»es) of 191.6 kJ mol ™'
[39]. This value of the F-H:-'F hydrogen-bonding interac-
tion energy is well reproduced by the enthalpy (AHp95=
197.0 kJ mol ") calculated at the B3LYP/6-311+G(d.p)//
B3LYP/6-31 G(d) level of theory [4]. This lends strong
confidence to our predicted interaction energies of the various
receptor—anion complexes examined in this study. The pre-
dicted order of anion binding affinity of azophenol-thiourea
receptor 2 in vacuo is F > AcO > H,PO, >CI >HSO, >
NO; . This calculated order does not follow the normal trend
in basicity for these anions [40]. A similar theoretical finding
has been reported for the binding of common anions to simple
thiourea [16]. F forms the strongest complex with receptor 2
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Table 1 Calculated hydrogen-

bonding structural parameters Species r(O-H) r(A-~HO) <(AHO) r(A-NH)

of various receptor—anion

complexes® 1-F 1.054 1.385 166.7 1.760, 1.848, 1.848, 2.376
1H,PO,~ 1.003 1.654 168.1 1.848, 1.942, 2.045, 2.095
2-F 1.024 1.486 165.5 1.703, 1.742, 1.843, 2.453
2"AcO” 1.011 1.664 175.2 1.871, 1.905, 1.941, 1.966
2-"H,PO,~ 0.999 1.680 167.3 1.826, 1.864, 1.987, 2.040
2-°ClI” 0.993 2.160 157.0 2.325, 2.334, 2.456, 2.640

* B3LYP/6-31 G(d) level (gas 2--HSO,~ 0.989 1.747 167.1 1.926, 1.949, 1.968, 2.050

phase); bond lengths are in A 2°NO;~ 0.995 1.746 176.3 1.885, 1.990, 2.032, 2.033

and bond angles are in degrees

among the anions studied. Although F~, AcO ", and H,PO,
are calculated to have greater binding energies than the other
anions, the order of binding affinity is different from the
observed experimental trend (H,PO, > F = AcO) [I1].
More importantly, the binding free energies of ClI and
HSO, (—226 and —183 kJ mol ™", respectively) are too large
to account for the fact that they were not observed in
experimental studies [10, 11]. How do we account for this
discrepancy?

Experimentally, the anion recognition of azophenol re-
ceptor 2 was carried out in chloroform solvent [10, 11]. It is
well established that small anions are strongly solvated in a
dielectric medium [41]. Therefore, it was crucial to investi-
gate the influence of solvation on the binding energies of the
various receptor—anion complexes. To this end, we investi-
gated the influence of chloroform solvent (¢=4.9) on the
binding free energies of the receptor—anion complexes using
the polarizable continuum model (PCM). It is instructive to
first examine the effect of a dielectric medium on the struc-
ture of the receptor—anion complex. For the dihydrogen
phosphate complex (2:--H,PO, ), the optimized geometry

Table 2 Calculated interaction energies® (AEy, AHyog, and AGagg, in
kJ mol™") of various receptor—anion complexes in the gas phase and
chloroform

Complex Gas phase (¢=1.0) Chloroform (£=4.9)
AEq Ao AGaos AGaos”

1-F —325.8 -329.9 —287.3.3 -75.8
1--H,PO,~ -216.4 -216.1 -160.7.7 =77.5
2-F -389.6 —393.4 —=350.1.1 —86.5
2-+AcO” -292.6 —290.5 —239.5.5 -75.4
2--H,PO,~ -279.9 —279.3 —2274.4 -92.0
2--CI” —260.1 —260.8 —225.7.7 —46.0
2--HSO,~ —240.1 —239.2 —-183.0.0 —41.3
2-NOs3~ —231.5 —231.2 —-180.3.3 -23.0

#Based on the B3LYP/6-311+G(d,p)//B3LYP/6-31 G(d) level of theory

®Solvation calculations were performed using the PCM method

in chloroform is fairly close to that of the gas-phase geom-
etry. The changes in the intermolecular hydrogen-bonding
distances are in the range 0.01-0.06 A. It thus appears that
the presence of a dielectric medium has only a small influ-
ence on the geometry of the receptor—anion complex.
Hence, we employed gas-phase geometries to compute the
interaction energies of all receptor—anion complexes in chlo-
roform at the PCM-B3LYP/6-311+G(d,p) level. As
evidenced in Table 2, the binding free energies (AGpog)
decrease considerably, by 142-264 kJ mol ™', upon going
from the gas phase to solution. These substantial changes
are not unexpected, as the small anions are strongly solvated
in a dielectric medium. For instance, the calculated solvation
free energy of acetate anion in chloroform is —497 kJ mol .
The differential solvent stabilization effect upon complexation
leads to a significant reduction in the binding free energy of
the receptor—anion complex. The calculated trend for the
binding affinity in chloroform (H,PO4 > F >AcO > CI >
HSO, >NO;") is slightly different from that in the gas phase.
In particular, H,PO, has the largest binding free energy
(92 kJ mol ") in chloroform. As in the isolated state, F~,
AcO , and H,PO, bind considerably more strongly to 2 than
to other anions, in accordance with the observed selective
binding by the azophenol thiourea-based receptor. Most
importantly, the PCM calculations correctly reproduce the
observed relative binding affinities of F, AcO ", and
H,PO,4 [11]. Hence, we can conclude that the overall order
of binding affinity is attributable to the basicity of the anion,
the effect of solvation, and the number of proton acceptors
available. It is worth noting that the strength of the azophe-
nolic hydrogen bond, as reflected in the O-H distance, corre-
lates well with the gas-phase binding energy. This suggests
that the phenolic hydrogen bond plays a key role in the anion
recognition of the azophenol receptor.

To further examine the effect of substitution in the
azophenol-thiourea derivatives, we also examined the fluo-
ride and dihydrogen phosphate complexes of receptor 1
(Scheme 1) with an n-butyl substituent (i.e., 1-"F and
1---H,PO, ). Their optimized geometries are similar to the
corresponding anion complexes with receptor 2. However,
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the intermolecular N—H--O hydrogen-bonding distances are
significantly longer in both cases (Table 1). Accordingly, the
calculated binding free energies (AGagg) in chloroform are
smaller than the corresponding fluoride and phosphate com-
plexes with 2, by 11 and 15 kJ mol ™, respectively (Table 2).
Hence, our calculations confirm the enhanced hydrogen-
bonding ability of p-nitrophenyl groups in receptor 2
compared to 1. Consistent with experimental findings [10],
both F and H,PO, have similar binding free energies to
receptor 1.

Finally, we note that all the receptor—anion complexes
examined here are characterized by a large dipole moment
(Table S1 of the ESM), particularly for the nitrate complex.
Based on NBO charge density analysis, a significant degree of
charge transfer (from the anion to the receptor) is calculated to
occur in all of the complexes (Table S1). The amount of
charge transfer is in the range 0.17-0.31 au. Interestingly,
the magnitude of charge transfer correlates reasonably well
with the gas-phase binding energy of the complex.

Molecular dynamics simulations

To further explore the stability and conformational dynamics
of the receptor—anion complexes in solvent, MD simulations
of selected receptor—anion complexes were run over a period
of 1 ns in explicit chloroform solvent. Since a reliable AM-
BER force field is not available for certain anions, our dy-
namics study investigated only the fluoride and acetate
complexes (i.e., 2-+F and 2-+AcO"). The starting geometry
of'the explicit solvent simulation was obtained from simulated
annealing in the gas phase, which yielded the lowest-energy
conformation of the receptor—anion complex. The lowest-
energy structure derived from the simulated annealing is sim-
ilar to that obtained from DFT optimization. However, the
intermolecular hydrogen-bonding distances are generally
shorter, e.g., 1.561 (O-~H), 1.800, 1.801, 1.847, and 1.907 A
in acetate complex (2:+AcQO"). These differences, perhaps, are
not unexpected, as both structures were obtained from differ-
ent computational methods. Plots of the root square mean
deviation (RSMD) for both fluoride and acetate complexes
(Figs. S2 and S3 of the ESM) behave similarly over the 1 ns
simulations, and the oscillations about a stable mean from ca.
100 ps onwards indicate that the simulations are stable over
this period.

Our main strategy in analyzing the dynamics was to
examine the O—H-A and N-H:-A (A = anion) hydrogen-
bond distances. The H-+A distances were plotted as a func-
tion of time for both simulations in Fig. 3a and b for 2-+F"
and 2---AcO’, respectively. Upon inspecting these figures, it
becomes immediately apparent that the phenolic proton is
bonded to the anion tightly throughout the simulation period.
In the MD simulation of the fluoride complex (2:F), the
fluoride ion is essentially hydrogen bonded to the five receptor
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protons throughout the entire simulation run, as shown in the
H:+F distance plots in Fig. 3a. In other words, the fluoride ion
stays tightly within the receptor binding pocket in chloroform
solvent. A similar result is obtained for the acetate complex
(2:*AcO"). In this case, the phenolic proton is hydrogen
bonded to either one of the two anion oxygen atoms. Distinct
switching between the two oxygens is seen during the simu-
lation (see Fig. 3b). Thus, the phenolic proton is bonded to
both oxygens in the time-averaged MD structure. Interesting-
ly, each set of thiourea protons interacts distinctly with only
one specific receptor oxygen (see Fig. 3b). This readily indi-
cates that the acetate ion did not rotate or flip around during
the simulation process. In summary, the MD simulations of
both anion complexes clearly show that the anion is strongly
bound within the binding pocket of the azophenol-thiourea
receptor in the explicit solvent simulation. Furthermore, all
five receptor protons are hydrogen bonded to the anion
throughout the simulation run. Finally, an MD simulation
was carried out with an acetate ion placed slightly outside
the binding pocket of the receptor (2). As one might have
expected, the anion moved into the binding pocket during the
explicit solvent simulation.

Calculated NMR and UV-visible spectra

The binding ability of the azophenol-thiourea receptor 1 via
hydrogen-bonding interactions was supported by 'H NMR
experiments in CDCl; [10]. In particular, large downfield
shifts of thiourea protons (>2.5 ppm) were detected upon
complexation with H,PO, and AcO . Broadening of the
phenol OH resonance was also observed, indicating its
participation in hydrogen-bonding interactions with the
anions. To examine how theory faired in this case, we
computed the NMR spectra of receptor 1 and its dihydrogen
phosphate complex (1:--H,PO, ) using the GIAO [26, 27]
method in chloroform solvent. For receptor 1, the calculated
"H chemical shifts (with respect to TMS) of various NH
protons of the two thiourea moieties in 1, 6.9-9.4 ppm
(Fig. 4), are in pleasing agreement with the experimental
values [10]. In excellent accordance with the experimental
findings, significant shifts of 1.7-3.0 ppm were calculated
for all of the thiourea NH protons upon complexation with
H,PO, (Fig. 4). Accordingly, the phenolic OH proton in 1
undergoes a significant downfield shift of 2.9 ppm upon
complexation (Fig. 4). These sizeable changes in proton
chemical shifts are readily attributed to the decreased elec-
tron density at the NH and OH protons upon the formation
of hydrogen bonds with H,PO, in the receptor—anion com-
plex. NBO charge density analysis of receptor 1 and its
phosphate complex supports this rationalization. In summa-
ry, our calculated '"H NMR chemical shifts confirm the
observed binding ability of the azophenol thiourea-based
sensor 1.
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Fig. 3a-b Hydrogen-bond a
distances of a 2-F and b 24
2-+AcO  during MD
simulations in chloroform.
Atom labels are given in Fig. 2
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In naked-eye experiments, both of the azophenol-thiourea
receptors 1 and 2 underwent very dramatic color changes in
the presence of H,PO4 , AcO , and F [10, 11]. For receptor
1, anion binding led to a notable color change from light
yellow to deep red [10]. Remarkably, anion receptor 2 with
dual chromophores, namely the nitrophenylazophenol and
nitrophenylthiourea moieties, allows for colorimetric discrim-
ination between H,PO, , AcO ™, and F [11]. To shed light on
the nature of the UV-visible spectral changes in the presence
of anions, we have calculated the absorption spectra of recep-
tor 2 and selective anion complexes using the time-dependent
DFT (TD-DFT) [28, 29] method in chloroform solvent.
It is important to note that although TD-DFT reasonably
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successfully predicts accurate excitation spectra in a wide
variety of systems [42], difficulties still plague its application
to certain areas, such as the prediction of long-range charge-
transfer (CT) excitations [43]. The computed transition ener-
gies of several anion complexes of receptor 2 are summarized
in Table 3. The calculated spectrum of sensor 2 is character-
ized by two distinct sets of transitions: (1) T1: nitrophenylth-
iourea 7t — nitrophenylthiourea 7v*, and (2) T2: thiourea
sulfur lone pair — azophenol 7t* (LUMO). The computed
T1 transition energies (328 and 340 nm) of 2 agree well with
the observed A« value of 339 nm [11]. Surprisingly, the
predicted T2 transition is not observed in the UV-vis spectrum
of 2. Upon complexation with an anion (F , Cl', AcO ", or
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R’ =-N=N-Ph-NO,

n-Bu

Fig. 4 Calculated (PCM-B3LYP/6-311+G(d,p)) 'H chemical shifts
(ppm, with respect to TMS) of 1 and 1--H,PO, in chloroform. Values
for receptor 1 are given in parentheses

H,PO, ), the characteristic absorption peaks of receptor 2
undergo a significant redshift, and a new peak appears at
>500 nm (Table 3). This new absorption peak (T3) corresponds
to the transition from azophenol 7t* (HOMO) to azophenol 7t*
(LUMO). The relevant molecular orbitals involved in the T1,
T2, and T3 transitions are depicted in Fig. 5. The trend in the
T3 absorption value, H,PO, >F =AcO > CI, is in pleasing
accord with the experimental findings [11]. In particular, the
addition of H,PO, to 2 leads to the largest spectral change. We
note that the calculated intensity for the T3 (HOMO—LUMO)
transition is rather low compared to the intense peak observed
experimentally [11]. This is probably due to the shortcomings
of the TD-DFT method. The bathochromic shift of the T1
transition is readily due to the stabilization of the excited state
by anion binding. In summary, our computational results yield
good qualitative agreement with the UV absorption changes
upon complexation, and confirm the experimental finding that
2 is an efficient colorimetric anion sensor.

Concluding remarks

Density functional theory (DFT) calculations were carried
out to determine the binding affinities of several common

nitrophenylazophenol nitrophenylazophenol m*

nitrophenylthiourea n nitrophenylthiourea =*

thiourea sulfur lone pair

Fig. 5 Molecular orbitals related to the T1, T2, and T3 transitions of
the 2---AcO " complex

anions towards 2-nitroazophenol thiourea-based receptors 1
and 2 in the gas phase and in chloroform. Their calculated
binding free energies in chloroform were substantially
smaller than their corresponding gas-phase values. This

Table 3 Calculated transition energies™® (nm) of receptor 2 and various receptor—anion complexes in chloroform

Species T1

T2

T3

Assignment Phenylthiourea ©1 — phenylthiourea ©*
2 328 (0.34), 340 (0.26)

2--CI” 350 (0.30), 365 (0.28)
2 AcO™ 361 (0.34), 373 (0.37)
2 F 358 (0.37), 369 (0.20)
2 H,PO,” 369 (0.51), 379 (0.22)

Sulfur lone pair — azophenol *

Azophenol 1 — azophenol *

421 (0.16), 439 (0.83)

420 (0.57), 450 (0.68) 510 (0.04)
423 (0.29), 456 (0.75) 549 (0.06)
424 (0.16), 452 (0.83) 555 (0.06)
426 (0.34), 456 (0.69) 570 (0.07)

#Based on TD-DFT calculations performed at the PCM-B3LYP/6-31+G(d)//B3LYP/6-31 G(d) level

® Oscillator strength is given in parentheses
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demonstrates the important role of solvation in controlling
the anion-binding strength and selectivity. In the optimized
geometries of the receptor—anion complexes, all five thio-
urea NH and phenolic OH protons of the receptors were
involved in multitopic hydrogen-bonding interactions with
anions. The binding between the azophenolic OH proton
and the anion plays a more prominent role. In excellent
agreement with experiment, H,PO, , AcO , and F bind
significantly better than other anions. In addition, PCM
calculations correctly predict the observed relative binding
affinity (H,PO, > F > AcO"). Calculated complexation-
induced changes in the 'H chemical shift are in excellent
agreement with experimental results. UV-visible spectra
calculations readily support the experimental characteriza-
tion of the receptor—anion complexes. Explicit solvent mo-
lecular dynamics simulations reveal that the anions are
strongly bound within the binding pocket via hydrogen
bonds to the five receptor protons throughout the 1 ns
simulation run in chloroform solvent.
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