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Abstract The interactions among chemosensor substrate,

4-benzoylamido-N-methylphthalimide (BMP1), and dif-

ferent halide anions (F-, Cl-, and Br-) have been theo-

retically investigated at the B3LYP/6-31?G(d) level with

the basis set superposition error correction. It turned out

that the intermolecular proton transfer causes the colori-

metric and fluorescent signaling of BMP1 for F-. The

deprotonated complex BMP1-���H?���F- is formed for the

deprotonation process of chemosensor, and the P orbitals of

F- play the key role in the prediction of the optical pro-

perties of BMP1-���H?���F-. The inclusion of diffuse func-

tions to the basis set has a significant effect in the structural

optimization for investigated complexes. The properties of

six designed BMP1 derivatives [containing –CN and/or

–N(CH3)2 substituent(s)] have been calculated. Our results

suggest that the mono-substituted (on the methylphthali-

mide moiety) and bi-substituted [–N(CH3)2 and –CN

groups on benzoylamido and methylphthalimide moieties,

respectively] derivatives are expected to be the promising

candidates for ratiometric fluorescent fluoride chemosen-

sors as well as chromogenic chemosensor, whereas for

mono-substituted (on the benzoylamido moiety) and bi-

substituted [–CN and –N(CH3)2 on benzoylamido and

methylphthalimide moieties, respectively] derivatives can

serve as chromogenic fluoride chemosensor only. Further-

more, the derivatives with mono-CN substituents are

promising luminescent materials for organic light emitting

diodes as well.

Keywords Chemosensor � Basis set superposition

error (counterpoise) correction � Intramolecular charge

transfer (ICT) � UV–Vis and fluorescence spectra �
Halide anions � Amidophthalimide

1 Introduction

The development of fluorescent chemosensors for anions has

drawn much attention in recent years, because anions play

important roles in clinical biochemistry and environment

[1–8]. Sensors based on anion-induced fluorescence change

appear to particularly be attractive due to its simplicity and

high sensitivity [9–14]. For quantitative analyses, ratiomet-

ric chemosensors have significant advantages of their dual

emission system, which can minimize the measurement

errors caused by fluctuations of light scattering as well as

reagent concentration [15]. The smallest anion, F-, has

unique chemical properties. It is of particular interest to

detect it owing its essential roles in a broad range of bio-

logical, medical, and chemical processes of osteoporosis,

fluorination of drinking water supplies, or even in chemical

and nuclear warfare agents [16–22]. Different signaling

mechanisms have been suggested for fluoride chemosensor,

such as photoinduced electron transfer [23–26], excited state

proton transfer [27–30], intramolecular charge transfer

(ICT) [31–33], excimer and exciplex formation [34–36], and

metal–ligand charge transfer [37, 38], and so on.

Recently, a ratiometric fluorescent fluoride chemosensor

as well as chromogenic chemosensor made of
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4-benzoylamido-N-methylphthalimide (BMP1, Scheme 1)

has been reported [39]. F--induced color change allows its

detection with naked eyes. The changes of the electronic

absorption and fluorescence behavior of BMP1 are due to

F--induced deprotonation of the 4-amido moiety. Geo-

metries of the halide complexes BMP1�X (X = F- and Cl-)

have been optimized in the ground state (S0) at the B3LYP/

STO-3G level without considering basis set superposition

error (BSSE) correction [40, 41]. Recently, the efficiency

and electro-optical properties of N-(2-methyl-1,3-dioxo-

indan-5-yl)-benzamide and its derivatives have been

investigated [42]. However, to our knowledge, neither

calculations about the first excited singlet state (S1), the

electronic absorption, and fluorescence behaviors of BMP1

and its halide complexes BMP1�X or anion form (BMP1-)

nor sophisticated level optimization for S0 with BSSE

corrections have been reported so far.

Herein we report the investigation of both host–guest

interaction and signaling properties from theoretical point

of view for this system. Further in-depth explanations for

the experimental results have been discussed by the

investigation of the optical and electronic properties of

BMP1. To investigate the substituent effect, several

derivatives (BMPn, n = 2–7) with electron-donating

[–N(CH3)2] and/or electron-withdrawing (–CN) groups, as

shown in Scheme 1, have been designed to provide a

demonstration for the rational design of new fluorescent

and/or chromogenic chemosensors for fluoride anion, as

well as some candidates for organic light emitting diodes

(OLEDs) material [43–52].

2 Computational details

Six BMP1 derivatives by introducing electron-donating

[–N(CH3)2] or -withdrawing (–CN) group on either X and/or

Y position or both (BMPn, n = 2–7, Scheme 1) have been

designed.

All calculations have been performed using Gaussian 03

code [53]. Optimizations have been carried out without

symmetry constraints. The geometry optimizations of

neutral forms BMPn for S0 have been obtained at the

B3LYP [54] level using both 6-31G(d) and 6-31?G(d)

basis sets. Single diffuse function has been added to the

6-31G(d) basis set to evaluate the basis set effect. Halide

complexes BMPn-���H?���F-, BMPn�Cl-, and BMPn�Br-

(n = 1–7) have been optimized at the same theoretical

levels as above with the consideration of BSSE correction

using the counterpoise method [40, 41]. The S1 structures

for neutral forms BMPn and deprotonated complexes

BMPn-���H?���F- (Scheme 1) have been optimized at the

CIS [55] level using the 6-31?G(d) basis set. The har-

monic vibrational frequency calculations using the same

methods as for the geometry optimizations were used to

ascertain the presence of a local minimum. Absorption and

fluorescent properties of BMPn and BMPn-���H?���F-

(n = 1–7) have been predicted using the TD-DFT/6-

31?G(d) method based on the S0 and S1 optimized

geometries, respectively, which has been proved to be

efficient in providing proper optical properties [32, 56, 57].

The MeCN solvent effect has also been considered using

the Polarized Continuum Model (PCM) [58].

The geometry optimizations for the S1 of BMP1 and

BMP1-���H?���F- were also carried out at the TD-B3LYP/

6-31?G(d,p) level by TURBOMOLE 5.7 [59] program

suite. As the geometry optimization of BMP1-���H?���F-

was failed to be converged, only the fluorescent property of

BMP1 was predicted (411.42 nm), which was similar to

that using the same method based on the optimized

geometry at the CIS/6-31?G(d) level (in MeCN solvent,

see Table 2). Furthermore, the predicted fluorescent prop-

erty of both BMP1 and BMP1-���H?���F- based on the

optimized geometry at the CIS/6-31?G(d) level are in

good agreement with experimental result (see Table 2).

Hence, the S1 structures for neutral forms BMPn and

their halide complexes BMPn-���H?���F- and BMP1�X
(X = Cl- and Br-, n = 1–7) have been optimized at the

CIS/6-31?G(d) level.

To predict the stability of the BMP1 and its substituted

derivatives BMPn (n = 2–7) from a viewpoint of mole-

cular orbital theory, the absolute hardness, g, and the

absolute electronegativity, v, of the BMPn (n = 1–7) were

calculated using operational definitions [60–63] given by

Eqs. 1 and 2, respectively.
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Scheme 1 Geometries of the

model compound BMP1 and its

derivatives BMPn (n = 2–7)

and their deprotonation

chemosensing for F-, along

with atom numbering
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where l is the chemical potential and N is the total electron

number. In this study, the values for I (ionization potential)

and A (electron affinity) are calculated using Koopmans’

theorem [64] based on the optimized geometries at the

B3LYP/6-31?G(d) level.

The radiative rate constants (kf) of the BMPn (n = 1–7)

and their deprotonated complexes were calculated using

Einstein’s spontaneous emission transition probability

relation [65–67]:

kf ¼
f m2

1:50

where kf is the radiative rate constant (in s-1), m is the

transition wavenumber (in cm-1), and f is the corre-

sponding oscillator strength.

3 Results and discussions

3.1 Host–guest interaction and diffuse function effect

on the equilibrium geometry of complexes

BMP1-���H?���F- and BMP1�X (X = Cl-

and Br-)

Using BMP1 as the model compound, the interaction

between host and guest has been investigated. Table 1

presents the most important geometrical parameters and

interaction energies optimized at the B3LYP/6-31G(d) and

B3LYP/6-31?G(d) levels with and without BSSE correc-

tions for complexes BMP1-���H?���F- and BMP1�X
(X = Cl- and Br-). According to the suggested cutoff

definition for D–H���A H-bond (H���A distances\3.0 Å and

D–H���A angles [110�) [68, 69], the interaction between

amido-H and halide anion has been considered as H-bond,

which has been named as incipient (frozen) proton transfer

reaction from D to A [69].

Both geometries and interaction energies for complexes

are quite basis set dependent, especially for

BMP1-���H?���F-, as shown in Table 1. For

BMP1-���H?���F- without BSSE correction, the optimized

distances between amido N and H (RN–H), the H-bond

lengths between H and F- (RH���F), and the dihedral angles

hC1N7H16F are highly diffuse function dependent. The

deviations between 6-31G(d) and 6-31?G(d) basis set are

0.038 and 0.097 Å, and 46�, respectively. The diffuse

function dependency is also significant on the equilibrium

geometry of BMP1-���H?���F- even considering BSSE

correction, where the deviations between 6-31G(d) and 6-

31?G(d) basis set are 0.69 and 0.44 Å, and 64�, respec-

tively. Comparing the optimized geometries of

BMP1-���H?���F- using the 6-31?G(d) and 6-31G(d) basis

sets with BSSE correction, one can see that the amido H

and fluoride atoms move out of the molecular plane by

using 6-31G(d) basis set, while the structure of complex

BMP1-���H?���F- is almost planar by using 6-31?G(d)

basis set. Moreover, comparing the optimized geometries

using the 6-31?G(d) basis set with and without BSSE

correction, the deviations of the RN–H, RH���F, and the

dihedral angle hC1N7H16F for BMP1-���H?���F- are only

0.002 and 0.012 Å, and 0.04�, respectively. Therefore, the

BSSE correction dependency is dramatically reduced after

the inclusion of diffuse function to 6-31G(d) basis set.

Furthermore, the difference between the interaction ener-

gies (DE) and the BSSE-corrected one (DEBSSE) at the

B3LYP/6-31G(d) level is about 27 kcal/mol, while the

corresponding value at the B3LYP/6-31?G(d) level is only

about 2 kcal/mol. This indicates that the deviation between

the with and without BSSE-corrected interaction energies

is dramatically reduced by the inclusion of diffuse function

to 6-31G(d) basis set. In order to assess whether 6-31?G(d)

basis set gives converged results or not, we have per-

formed geometry optimizations and interaction energies

Table 1 Distances of RN–H and RH���X (in angstroms), angles of hN–H���X (in degree), dihedral angles of hC1N7H16F (in degree), and interaction

energies with and without BSSE corrections (in kcal/mol) for complexes BMPn-���H?���F-, BMPn�Cl-, and BMPn�Br- at the B3LYP/6-

31?G(d) level

Species Without BSSE With BSSE

RH–N RH���X hN–H���X hC1N7H16X DE RH–N RH���X hN–H���X hC1N7H16X DEBSSE

BMP1 1.011

(1.011)

BMPn-���H?���F- 1.109

(1.147)

1.402

(1.305)

171.7

(171.5)

0.07

(46.9)

-57.0

(-101.9)

1.107

(1.793)

1.414

(0.970)

171.7

(173.3)

0.03

(64.5)

-55.2

(-74.5)

BMP1�Cl- 1.036

(1.309)

2.274

(2.227)

167.8

(168.2)

-0.01

(-0.01)

-32.1

(-37.6)

1.036

(1.038)

2.281

(2.255)

167.8

(168.0)

-0.008

(-0.012)

-31.8

(-34.2)

BMP1�Br- 1.033

(1.306)

2.419

(2.415)

167.1

(167.9)

0.06

(0.14)

-35.6

(-39.6)

1.030

(1.035)

2.542

(2.480)

167.1

(167.5)

1.7

(1.5)

-27.7

(-34.5)

Data in parenthesis are obtained at the B3LYP/6-31G(d) level
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(DE and DEBSSE) of BMP1-���H?���F- with and without

BSSE corrections at the B3LYP level with a series of basis

sets. The results (see Supplementary Tables SI and SII)

indicated that 6-31?G(d) basis set gives converged results.

Therefore, addition of diffuse function to 6-31G(d) basis

set is necessary for the optimization of this kind of system,

hereafter, we will discuss the complex structures using

the counterpoise method and 6-31?G(d) basis set. Com-

pared with the N–H bond in BMP1 (1.011 Å), obviously,

the N–H bond is stretched ([0.096 Å elongation) and

H? moves close to F- with RN–H = 1.107 Å and

RH���F = 1.414 Å in BMP1-���H?���F-, or more precisely

as deprotonated complex BMP1-���H?���F-. However, in

other halide cases, N–H distance only slightly elongated

(\0.03 Å, Table 1). Therefore, the host chemosensor sub-

strate prefers to bind with F- anion and forms the most

stable complex BMP1-���H?���F-.

It is clear that the BSSE-corrected interaction energy

(DEBSSE) of complex BMP1�F- is much more favorable for

the distinct selectivity of F- anion than other halides, as

shown in Table 1. At the B3LYP/6-31?G(d) level, the

DEBSSE of BMP1-���H?���F- is more than those of

BMP1�Cl- and BMP1�Br- by about 23 and 27 kcal/mol,

respectively. Therefore, the sensor can easily detect F- in

the presence of Cl- and Br-. These calculation results are

in good agreement with the reported experimental obser-

vations that intermolecular proton transfer between

chemosensor substrate of BMP1 and F- anion occurs when

the concentration of F- anions reaches certain level from

the addition of tetrabutylammonium fluoride to the sensor

substrate solution [39].

3.2 Spectral simulation

On the basis of the B3LYP/6-31?G(d) and CIS/6-31?G(d)

optimized geometries for the S0 and S1, respectively, the

absorption and fluorescence spectra have been predicted

using various functionals such as TD-B3LYP, TD-PBE0,

TD-BLYP, TD-OLYP, TD-BHandH, TD-BHandHLYP,

TD-MPWB95, TD-MPWLYP, and TD-SVWN with

6-31?G(d) basis set. Table 2 presents the kabs and kfl of

BMP1 and BMP1-���H?���F- using TD-B3LYP, TD-PBE0,

TD-BLYP, and TD-OLYP. The corresponding values of

kabs and kfl for BMP1 and BMP1-���H?���F- using other

functionals are listed in Supplementary Table SIII.

TD-B3LYP/6-31?G(d) method provides very good pre-

dictions for kabs of the BMP1 and deprotonated complex

BMP1-���H?���F-, as shown in Tables 2 and Supplemen-

tary SIII. The results are all in excellent agreement with

experimental results [39], with the maximum deviation

being less than 6 and 20 nm, respectively. However, the

kabs value of anion form BMP1- at the same level is

worsen accordance with the experimental data (deviation

within 45 nm) than that for BMP1-���H?���F-. The dis-

crepancy may be ascribed to the neglecting of F- in the

stable complex BMP1-���H?���F-. Thus, one may conclude

that both the predicted kabs values for BMP1 and

BMP1-���H?���F- are in good agreement with the experi-

mental results (i.e., kabs = 330 and 425 nm before and

after the addition of F-). Using TD-B3LYP/6-31?G(d),

the shift between the two characteristic kabs values for

BMP1 and BMP1-���H?���F- is ca. 130 nm, which is

comparable to the experimental 95 nm. The results dis-

played in Table 2 show that the TD-B3LYP calculations

show poor performances for predicting the kfl for both

BMP1 and BMP1-���H?���F-. It is known that standard

TD-DFT calculations show poor performances for charge-

transfer electronic transitions [70, 71]. Other researchers

[72, 73] have noted that the TD-B3LYP method does not

correctly describe the delocalized excited states with

charge-transfer component. The poor performance of the

TD-B3LYP approach may be due to insufficient flexibility

in the functional. More exhaustive investigations are nee-

ded before firm conclusions can be drawn, but from this

study it appears that TD-B3LYP approaches may be limi-

ted in their usefulness for the studying of excited state

relaxation for our system. Furthermore, the TD-OLYP/6-

31?G(d) performs better in predicting the kfl for both

BMP1 and BMP1-���H?���F- compared with the experi-

mental data, with the maximum deviation being less than

14 nm. The shift between the two characteristic kfl values

for BMP1 and BMP1-���H?���F- is ca. 156 nm, which is

comparable to the experimental 158 nm. Thus, this result

credits to the computational approach, so appropriate

electronic transition energies can be predicted at these

levels for such kind of chemosensor. The successful sim-

ulations indicate that the observed colorimetric and fluo-

rescent signals truly originate from the formation of stable

BMP1-���H?���F- complex. Furthermore, the kabs values of

BMP1- using different functionals are worsen accordance

with the experimental data than those for BMP1���H���F-,

indicating that the F- has contribution to the molecular

orbitals of BMP1-���H?���F-.

The introduction of the solvent effects (PCM model) in

the TD-DFT calculations leads to a slight bathochromic

shifts for the kabs and kfl values of BMP1-���H?���F-,

which can be estimated to 10–12 nm compared with the

values in gas phase. One can find that there is no drastic

displacement of kabs and kfl for BMP1-���H?���F- when

solvent effects are taken into account. However, the

introduction of the solvent effects in the TD-DFT calcu-

lations leads to larger deviation of kabs and kfl for BMP1

from the experimental data. As PCM calculation is very

time consuming for such large molecule, hereafter, we will

not consider the solvent effects in the TD-DFT

calculations.
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3.3 Electronic transition

The qualitative molecular orbital representations of the

highest occupied molecular orbitals (HOMOs) and the

lowest unoccupied molecular orbitals (LUMOs) for BMP1

and BMP1-���H?���F- in S0 are shown in Fig. 1. In both

cases, both the HOMOs and LUMOs have p characters.

Each HOMO ? LUMO transition corresponds to a p–p*

excited singlet state. The distribution patterns of HOMO

and LUMO also provide a remarkable signature for the ICT

transition. Analysis of the FMOs for BMP1 and

BMP1-���H?���F- indicates that the excitation of the

electron from the HOMO to the LUMO leads the electronic

density to flow mainly from the benzoylamido and phenyl

ring moieties to the imidine moiety in both BMP1 and

BMP1-���H?���F-. Inspection of Fig. 1 reveals clearly that

the F- definitely has some contribution to the HOMO,

indicating that the most stable complex BMP1-���H?���F-

is formed instead of isolated anion form BMP1- by the

deprotonation process.

Comparing the geometry of BMP1 with BMP1-���
H?���F-, the bond lengths of C1–N7, N7–C8, C2–C3,

C3–C17, C4–C19, and C5–C6 are shortened (see Table 3)

after deprotonation, suggesting that the benzoylamido,

phenyl ring, and imidine groups have strong conjugative

effect. The molecular p-conjugation in BMP1-���H?���F-

becomes higher than that of BMP1, because dihedral

angles between phenyl and imidine groups become almost

0 or ±180�. As a consequence, the electron can flow easily

from electron-donating benzoylamido and phenyl ring

moieties to the electron-withdrawing imidine moiety. The

photophysical properties of ICT are well known and highly

dependent on the electron donor/acceptor strength [74–76].

It is obvious that deprotonation strengthens the electron-

donating ability of benzoylamido group. Therefore, the

ICT transition in the chemosensor system becomes much

easier after deprotonation, resulting in the large batho-

chromic shift in their absorption and fluorescence spectra.

3.4 Substituent effect

3.4.1 Substituent effect on the electronic structures

and properties of substituted derivatives

To study the substituent effect, we designed six BMP1

derivatives by introducing electron-donating [–N(CH3)2] or

-withdrawing (–CN) group on either X or Y position or

both (Scheme 1). The substituted derivatives BMPn

(n = 2–7) were fully optimized without any symmetry

constraints. The Cartesian coordinates of the substituted

derivatives BMPn (n = 2–7) for the S0 are given in Sup-

plementary Table SIV. The introduction of the –N(CH3)2

and/or –CN groups for the parent compound leads to dif-

ferent changes of the electronic structures and properties.

We compare the substituted derivatives with the parent

compound in order to well understand the substituent

effect.

Table 4 presents the calculated values of HOMO

energy, LUMO energy, HOMO–LUMO gaps (Eg), abso-

lute hardness (g), and absolute electronegativity (v) for the

BMPn (n = 1–7) at the B3LYP/6-31?G(d) level. Inspec-

tion of Table 4 reveals clearly that the –CN-substituted

derivatives (BMP2 and BMP4) have the larger values of

Table 2 Calculated absorption kabs and fluorescence kfl wavelengths (in nm) of BMP1, BMP1-, and BMP1-���H?���F- by various methods with

6-31?G(d) basis set, along with available experimental data

Methods kabs kfl

BMP1 BMP1- BMP1-���H?���F- BMP1 BMP1- BMP1-���H?���F-

TD-B3LYP/6-31?G(d) 335.94 (361.40)b 470.08 (466.05) 405.56 (395.23) 380.12 (411.43) 512.09 (517.81) 487.02 (493.83)

TD-OLYP/6-31G?(d) 381.54 (414.92) 544.61 (540.93) 470.85 (458.20) 425.36 (462.51) 583.65 (590.94) 580.32 (568.27)

TD-PBE1PBE/6-31?G(d) 325.05 (347.94) 450.59 (445.56) 389.09 (379.15) 368.77 (397.41) 492.30 (496.19) 468.61 (473.98)

TD-BLYP/6-31?G(d) 386.54 (422.27) 553.74 (551.30) 545.64 (466.76) 430.71 (470.33) 593.73 (602.87) 582.88 (576.45)

Expa 330 425 412 570

a Experimental data in MeCN solvent are from Ref. [39]
b Data in the parentheses are obtained considering PCM solvent effects

Fig. 1 FMOs for the neutral chemosensor BPM1 and deprotonated

chemosensor BMP1-���H?���F- in the S0 at the B3LYP/6-31?G(d)

level
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absolute hardness among the substituted derivatives

investigated in this study. Hardness is the resistance of the

chemical potential to change in the number of electrons, so

that these special derivatives are expected to be more stable

than other derivatives. The values of absolute hardness

decrease when –N(CH3)2 or both –N(CH3)2 and –CN

groups are introduced into BMP1, as listed in Table 4. The

–N(CH3)2-substituted derivatives (BMP3 and BMP5) and

bi-substituted derivatives (BMP6 and BMP7) have nearly

equal values of absolute hardness, being clearly smaller

than the value for BMP1, implying less stable than BMP1.

The absolute electronegativity of the substituted deriva-

tives increases when –CN group is introduced into BMP1,

whereas the corresponding values decrease when –N(CH3)2

or both –N(CH3)2 and –CN groups are introduced into

BMP1. The absolute electronegativity decreases in the

sequence: BMP4 [ BMP2 [ BMP1 [ BMP7 [ BMP6 [
BMP5 [ BMP3. It also suggests that the –CN-substituted

derivatives (BMP2 and BMP4) are expected to be more

stable than BMP1 and other derivatives.

3.4.2 Substituent effect on the BSSE-corrected interaction

energy (DEBSSE) of deprotonated derivatives

complexes

Table 5 presents the DEBSSE of complexes

BMPn-���H?���F-, BMPn�Cl-, and BMPn�Br- (n = 1–7).

As the counterpoise correction was unreliable for H-bond

with fluorine in some cases [77], we also calculated the DE

of complexes BMPn-���H?���F-, BMPn�Cl-, and

BMPn�Br- (the data in parentheses in Table 5) without

BSSE correction and compared with the DEBSSE. The

MeCN solvent effect also has been considered using the

different models such as PCM, CPCM, IEF-PCM, COS-

MORS, and Onsager models [78]. The DE values of both

BMPn-���H?���F- and BMPn�Br- are only about -3

approximately to -5 kcal/mol, whereas the corresponding

values of BMPn�Cl- are positive (*4 kcal/mol) using

PCM, CPCM, IEF-PCM, and COSMORS models, sug-

gesting the impropriety for PCM in the strong polarity for

MeCN [79, 80]. However, the Onsager model provides

acceptable DE values compared with other solvent models.

The DE values considering solvent effect (DEOnsager) are

given in Supplementary Table SV. The Cartesian coordi-

nates of the substituted derivative complexes

BMPn-���H?���F- (n = 2–7) with the BSSE correction for

Table 3 Main geometrical parameters (bond lengths in angstroms,

angles and dihedral angles in degree) of BMP1 and BMP1-���H?���F-

at the B3LYP/6-31?G(d) level

Bond parameter Neutral

chemosens

BMP1

Deprotonated

chemosensor

BMP1-���H?���F-

C1–N7 1.405 1.392

C1–C2 1.412 1.422

C1–C6 1.413 1.423

C2–C3 1.386 1.385

C3–C4 1.396 1.401

C3–C17 1.498 1.492

C4–C5 1.389 1.394

C4–C19 1.488 1.476

C5–C6 1.395 1.392

N7–C8 1.386 1.369

C8–C9 1.503 1.515

C8–O15 1.225 1.241

C9–C10 1.404 1.406

C17–O21 1.216 1.221

C17–N18 1.402 1.404

C19–O20 1.218 1.224

C19–N18 1.407 1.414

C1–N7–C8 129.0 125.8

N7–C8–C9 115.0 117.1

N7–C8–O15 123.1 123.9

C3–C2–C1–N7 179.2 180.0

C1–N7–C8–O15 2.94 0.01

C1–N7–C8–C9 -177.9 -180.0

N7–C8–C9–C10 28.0 -0.05

Table 4 Calculated values of HOMO energy, LUMO energy,

HOMO–LUMO gaps Eg, absolute hardness g, and absolute electro-

negativity v for the BMPn (n = 1–7) at the B3LYP/6-31?G(d) level

(all in eV)

n ELUMO EHOMO Eg g v

1 -2.52 -6.81 4.29 2.15 4.67

2 -2.89 -7.10 4.21 2.10 5.00

3 -2.32 -5.88 3.56 1.78 4.10

4 -2.95 -7.27 4.32 2.16 5.11

5 -2.37 -6.05 3.68 1.84 4.21

6 -2.73 -6.04 3.31 1.66 4.39

7 -2.78 -6.24 3.47 1.73 4.51

Table 5 DEBSSE (in kcal/mol) of complexes BMPn-���H?���F-,

BMPn�Cl-, and BMPn�Br- (n = 1–7) at the B3LYP/6-31?G(d) level

n BMPn-���H?���F- BMPn�Cl- BMPn�Br-

1 -55.16 (-57.02)a -31.83 (-32.14) -27.71 (-35.60)

2 -62.87 (-64.71) -38.15 (-38.36) -33.69 (-41.70)

3 -51.80 (-53.65) -29.22 (-29.51) -25.29 (-33.01)

4 -59.86 (-62.49) -35.19 (-35.50) -30.59 (-38.73)

5 -54.72 (-56.62) -32.21 (-32.53) -28.12 (-36.00)

6 -56.94 (-58.86) -32.32 (-32.64) -27.89 (-34.45)

7 -62.23 (-64.12) -38.36 (-38.66) -33.90 (-40.77)

a Data in the parentheses are obtained without considering BSSE

corrections
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the S0 are given in Supplementary Table SVI. The DEBSSE

of the deprotonated –CN-substituted derivative complexes

(BMP2-���H?���F- and BMP4-���H?���F-) are more nega-

tive by 7.71 and 4.70 kcal/mol than that of

BMP1-���H?���F-, respectively, as shown in Table 5. To

the contrary, the corresponding values of the deproto-

nated –N(CH3)2-substituted derivative complexes

(BMP3-���H?���F- and BMP5-���H?���F-) are more posi-

tive by 3.36 and 0.44 kcal/mol than that of

BMP1-���H?���F-, respectively. The DEBSSE of the

deprotonated bi-substituted derivative complexes

(BMP6-���H?���F- and BMP7-���H?���F-) are more nega-

tive by 1.78 and 7.07 kcal/mol than that of

BMP1-���H?���F-, respectively. This indicates that the

DEBSSE values of the deprotonated derivatives depend

mostly on the –CN group and its position, whereas it is not

in the same case for BMPn�Cl- and BMPn�Br- (only in the

range of 30–40 kcal/mol). Furthermore, the DE values of

all complexes BMPn-���H?���F-, BMPn�Cl-, and

BMPn�Br- (n = 1–7) are similar to those of DEBSSE (the

maximum difference being less than 8 kcal/mol), indicat-

ing that the counterpoise correction is in a reasonable

range. Furthermore, the solvent effect does not signifi-

cantly affect the DEOnsager compared with those DE without

considering solvent effect (see Tables 5 and Supplemen-

tary Table SV).

3.4.3 Substituent effect on the absorption spectra

of the derivatives and their deprotonated complexes

Table 6 presents the assignment, excitation energies, kabs,

and the oscillator strength (f). The absorption can be

mainly assigned to the HOMO ? LUMO. The kabs of the

–N(CH3)2-substituted derivatives (BMP3 and BMP5) has

bathochromic shifts (50 and 66 nm) compared with the

parent compound BMP1, whereas the corresponding values

of the –CN-substituted derivatives (BMP2 and BMP4) are

similar to that of BMP1, with the deviation \5 nm. The

kabs of bi-substituted derivatives (BMP6 and BMP7) has

strong bathochromic shifts (80 and 82 nm). In general,

larger oscillator strength corresponds to larger experimen-

tal absorption coefficient or stronger fluorescence intensity.

The f value of the –CN-substituted derivative BMP2 is the

greatest among the derivatives, corresponding to the most

intensive spectrum. It suggests that the –N(CH3)2 substi-

tution has more influence on the shifts of kabs for the

substituted derivatives, whereas the –CN substitution does

not significantly affect the absorption spectra. For the

deprotonated-substituted derivative complexes, it is found

that all the kabs are similar to that of the parent complex

BMP1-���H?���F- (deviation within 25 nm). They show

greater f values than that of the parent complex

BMP1-���H?���F- except that the f values of BMP5-

���H?���F- and BMP7-���H?���F- are less than that of the

parent complex BMP1-���H?���F-. Therefore the –N(CH3)2

and –CN substitutions do not significantly affect the

absorption spectra of the deprotonated-substituted derivative

complexes. It clearly shows that the –CN-substituted deri-

vatives (BMP2 and BMP4) and their deprotonated complexes

have more intense absorption spectra than that of BMP1.

On the basis of the results described above, one

can conclude that all the substituted derivatives BMPn

(n = 2–7) are expected to be chromogenic chemosensors.

The colorless solutions of BMPn (n = 2–4) turn yellow in

the present F- as parent compound BMP1, whereas olivine

solution of BMPn (n = 5–7) turns yellow upon addition of

F-.

3.4.4 Substituent effect on the fluorescence spectra

of the derivatives and their deprotonated complexes

The Cartesian coordinates of the substituted derivatives

BMPn and their complexes BMPn-���H?���F- (n = 2–7)

for the S1 are given in Supplementary Tables SVII and

Table 6 Calculated maximum absorption wavelengths kabs (in nm), oscillator strength f, and excitation energies E (in eV) of BMPn and

BMPn-���H?���F- (n = 1–7) at the TD-B3LYP/6-31?G(d) level

n BMPn BMPn-���H?���F-

Assignment E kabs f Assignment E kabs f

1 H ? L (0.65) 3.69 335.94 0.16 H ? L (0.65) 3.06 405.56 0.19

2 H ? L (0.64) 3.69 336.45 0.27 H ? L (0.65) 3.11 398.64 0.27

3 H ? L (0.69) 3.21 385.86 0.18 H ? L (0.65) 2.95 419.73 0.26

4 H ? L (0.64) 3.74 331.64 0.18 H ? L (0.64) 2.93 422.69 0.26

5 H ? L (0.66) 3.09 400.81 0.10 H ? L (0.64) 3.03 409.82 0.14

6 H ? L (0.70) 2.98 415.88 0.16 H ? L (0.67) 2.88 430.33 0.28

7 H ? L (0.66) 2.97 417.18 0.09 H ? L (0.65) 3.18 417.01 0.12

Expa 330 425

a Experimental data in MeCN solvent are from Ref. [39]
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SVIII, respectively. Table 7 presents the assignment,

excitation energies, kfl, the oscillator strength (f), and the

radiative rate constant (kf). The kfl of the –N(CH3)2-

substituted derivatives (BMP3 and BMP5) have batho-

chromic shifts (140 and 75 nm) compared with the BMP1.

The corresponding values of the –CN-substituted deriva-

tives (BMP2 and BMP4) are similar to that of BMP1, with

the deviations being less than 11 nm. The kfl values of the

bi-substituted derivatives (BMP6 and BMP7) show strong

bathochromic shifts (193 and 147 nm) compared with

BMP1. Furthermore, the f values of the –CN-substituted

derivatives (BMP2 and BMP4) are greater than the rest,

corresponding to stronger fluorescence spectra. It suggests

that the –N(CH3)2 substitution shows more influence on the

shifts of kfl in the derivatives. For the deprotonated-

substituted complexes, one can find that kfl of the depro-

tonated-substituted complex with –CN on the benzoylamido

moiety (BMP2-���H?���F-) shows hypsochromic shift

(218 nm), whereas with –N(CH3)2 on the benzoylamido

moiety (BMP3-���H?���F-) shows bathochromic shift

(20 nm) compared with BMP1-���H?���F-. The kfl of the

deprotonated-substituted complexes with a group on the

methylphthalimide moiety (BMP4-���H?���F- and

BMP5-���H?���F-) show hypsochromic shifts (68 and

90 nm). The kfl of the deprotonated bi-substituted deriva-

tive complexes (BMP6-���H?���F- and BMP7-���H?���F-)

are similar to that of the BMP1-���H?���F- (deviations

within 11 nm). Hence, either –N(CH3)2 or –CN group on

the methylphthalimide moiety can affect significantly the

fluorescence spectra of the deprotonated derivative

complexes. Furthermore, the substituted derivative com-

plexes with a substituent on the methylphthalimide moiety

(BMP4-���H?���F- and BMP5-���H?���F-) show greater f

values for the kfl than those of BMP1-���H?���F- and other

substituted derivatives, implying that the substituted posi-

tion plays a key role in enhancing f value. Thus, one may

conclude that the fluorescence intensity can be increased by

the introduction of the groups on the methylphthalimide

moiety of BMP1.

One can find that the –CN-substituted derivatives

(BMP2 and BMP4) show greater kf values than those of

BMP1 and other derivatives, as shown in Table 7. It

indicates that the –CN-substituted derivatives have higher

fluorescence quantum yields than those of the –N(CH3)2-

substituted derivatives (BMP3 and BMP5) and bi-substi-

tuted derivatives (BMP6 and BMP7). For the deprotonated

derivative complexes, the kf values of the derivative

complexes with a group on the methylphthalimide moiety

(BMP4-���H?���F- and BMP5-���H?���F-) are greater than

the rest. Hence, the derivatives with a substituent on the

methylphthalimide moiety have higher fluorescence quan-

tum yields than other derivatives when the concentration of

F- anions reaches certain level from the addition of tetra-

butylammonium fluoride to the sensor substrate solution.

The bathochromic shift between the two characteristic

kfl values (i.e., kfl values before and after the addition of

F-) for BMP2 and its deprotonated complex is 367 nm.

This implies that the intensity of the blue-purple original

fluorescence for BMP2 decreased and its color changes

from blue-purple to colorless. For BMP3 and BMP7, the

Table 7 Calculated maximum fluorescence wavelengths kfl (in nm), oscillator strength f, excitation energies E (in eV), and radiative rate

constant kf (in 107 S-1) of BMPn and BMPn-���H?���F- (n = 1–7) at the TD-OLYP/6-31?G(d) level

n BMPn BMP1-���H?���F-

Assignment E kfl f kf Assignment E kfl f kf

1 H / L (0.64) 2.91 425.36 0.11 4.05 H / L (0.44) 2.14 580.32 0.04 0.79

H-1 / L (0.52)

2 H / L (0.62) 2.86 431.51 0.20 7.16 H / L (0.67) 1.55 798.27 0.06 0.63

H / L ? 1 (-0.18)

3 H / L (0.68) 2.19 565.43 0.08 1.67 H-2 / L (0.40) 2.21 560.40 0.12 2.55

H-1 / L (-0.14) H-1 / L (-0.36)

4 H / L (0.64) 2.99 415.11 0.12 4.64 H / L (0.49) 2.38 521.56 0.15 3.68

H-3 / L (0.12) H / L ? 1 (0.39)

5 H / L (0.63) 2.48 500.44 0.08 2.13 H / L (0.28) 2.53 490.64 0.13 3.60

H-4 / L (0.50)

6 H / L (0.69) 2.00 618.45 0.09 1.57 H / L (0.49) 2.10 591.76 0.12 2.28

H-4 / L (0.33)

7 H / L (0.61) 2.17 572.42 0.04 0.81 H / L (0.42) 2.14 578.31 0.02 0.40

H / L ? 1 (-0.32) H-2 / L (0.44)

Expa 412 570

a Experimental data in MeCN solvent are from Ref. [39]
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shifts between the two characteristic kfl values are only

5–6 nm. Thus, they have not distinct fluorescence color

change upon the addition of F-, implying that the deriva-

tives BMP3 and BMP7 are not suitable to be ratiometric

fluorescent fluoride chemosensor as BMP2. The batho-

chromic shift between the two characteristic kfl values for

BMP4 and its deprotonated complex is 106 nm. It indicates

that the intensity of the purple original fluorescence for

BMP4 decreased, along with the appearance of a new green

emission upon the addition of F-. The hypsochromic shifts

between the two characteristic kfl values for BMP5 and

BMP6 and their deprotonated complexes are 10 and 27 nm,

respectively. Therefore, a decrease in turquoise and orange

original fluorescence intensity of BMP5 and BMP6 may be

observed and new blue and yellow emissions appear upon

the addition of F-, respectively.

Our results suggest that the mono-substituted (on the

methylphthalimide moiety) and bi-substituted [–N(CH3)2

and –CN groups on benzoylamido and methylphthalimide

moieties, respectively] derivatives are expected to be

promising candidates for ratiometric fluorescent fluoride

chemosensors. Furthermore, the mono–CN-substituted

derivatives are promising luminescent materials for

OLEDs as well.

4 Conclusions

Our calculated results for both the host–guest interaction

and the nature of colorimetric and fluorescent signaling for

BMP1 in the presence of fluoride anion are in good

agreement with the reported experimental observations.

The host chemosensor BMP1 has much stronger affinity to

F- than to Cl- or Br-, which provides a way for the proton

transfer back and forth between the sensor substrate and

F-. The FMO analysis has turned out that the vertical

electronic transitions of absorption and emission in both

BMP1 and BMP1-���H?���F- correspond to the sensing

signals due to the ICT. The fluorine atom has contributed to

the HOMO of BMP1-���H?���F-, indicating that the F-

affects the HOMO–LUMO gap of BMP1-���H?���F-. The

deprotonated complex BMP1-���H?���F- is formed instead

of isolated anion form BMP1- by the deprotonation pro-

cess of chemosensor. The inclusion of diffuse functions to

the basis set has a significant effect on the simulation

results. The study of substituent effect by introducing

electron-donating [–N(CH3)2] or -withdrawing (–CN)

group on either benzoylamido or methylphthalimide moi-

ety or both revealed that the –CN substitutions increase

stabilities of the substituted derivatives, whereas –N(CH3)2

substitutions decrease the stabilities of the substituted

derivatives compared with the parent compound BMP1.

Both kabs and kfl of the mono–N(CH3)2 substituted

derivatives show a strong bathochromic shift compared

with BMP1, whereas the corresponding values of the

mono–CN substituted derivatives are similar to that of

BMP1. For the deprotonated derivative complexes, their

kabs values are similar to that of the parent complex

BMP1-���H?���F-, while the substituent on methylphtha-

limide moiety can effectively tune the kfl of the designed

complexes. The –CN substituent results in the derivatives

and their deprotonated complexes possessing more intense

absorption and fluorescence spectra than BMP1 and other

derivatives. Our results suggest that the mono-substituted

(on the methylphthalimide moiety) and bi-substituted

[–N(CH3)2 and –CN groups on benzoylamido and methyl-

phthalimide moieties, respectively] derivatives are

expected to be promising candidates for ratiometric fluo-

rescent fluoride chemosensors as well as chromogenic

chemosensor, whereas for mono-substituted (on the ben-

zoylamido moiety) and bi-substituted [–CN and –N(CH3)2

on benzoylamido and methylphthalimide moieties,

respectively] derivative can serve as chromogenic fluoride

chemosensor. Furthermore, the derivatives with mono–CN

substituents are promising luminescent materials for

OLEDs as well.
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