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Abstract The interaction between chemosensor, N-(2-

methyl-1,3-dioxo-indan-5-yl)-benzamide (1) and different

halide ions (F2, Cl- and Br-) has been investigated using

density functional theory (DFT). A clear insight of the

sensor anion binding process has been presented. Our cal-

culations revealed that the observed colorimetric and

fluorescent signals are induced due to the ground state

deprotonation of the sensor molecule caused by F- which has

two times higher binding affinity than other halide ions (Cl-

and Br-). Derivatives of system 1 have been made to find a

better sensor with higher binding affinity and longer wave-

length of absorption. All the derivatives are better sensors

than the parent 1 except 4-methyl-N-(2-methyl-1,3-dioxo-

indan-5-yl)-benzamide (2). Among these derivatives,

trimethyl-[4-(2-methyl-1,3-dioxo-indan-5-ylcarbamoyl)-

phenyl]-ammonium (8) and (5-benzoylamino-1,3-dioxo-

indan-2-yl)-trimethyl-ammonium (9) showed a change to

higher binding energies of about 58 Kcal/mol and longer

absorption wavelengths of 53 nm after deprotonation pro-

cess than the parent system 1 which is highly demanded in

selective chemical sensing. Systems 8, 9 and their depro-

tonated zwitterionic forms (8z and 9z) have also been

studied for their nonlinear optical responses. Systems 8, 9

showed significantly good first hyperpolarizability (b) of

84 9 10-30 and 40 9 10-30 esu, respectively. These b
values increase in zwitterionic states up to 216 9 10-30 and

109 9 10-30 esu, respectively after deprotonation with F-,

representing a new signal of deprotonation.
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1 Introduction

A chemical sensor is a molecule that transforms chemical

information into an analytically useful signal [1]. A sig-

nificant amount of work has been devoted to obtain specific

sensors that are able to change, one or several macroscopic

properties upon addition of target species. The reason for

this intensive interest is the importance of the detection and

quantification of anions in disciplines such as biology and

environmental sciences [2]. Among the interests in bio-

logically functional anions, fluoride ion has the particular

importance because of its association with nerve gases, the

analysis of drinking water, refinement of uranium used in

nuclear weapons manufacture, established role in dental

care and treatment of osteoporosis [3, 4]. Being the

smallest and the most electronegative atom, fluoride ion

has unique chemical properties and can form the strongest

hydrogen-bond interaction with hydrogen-bond donors.

The majority of the reported fluoride sensors are based on

both colorimetric and fluorescent changes [5, 6]. Many

fluorescent sensors have been developed on the basis of a

variety of signaling mechanisms such as competitive

binding [7], photoinduced electron transfer [8], metal-

ligand charge transfer [9], intermolecular excited state

proton transfer (IESPT) [10], intramolecular charge trans-

fer [11] and intermolecular proton transfer (IPT) [12]. IPT

is a commonly utilized method in designing new anion
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sensors due to the simplicity of its mechanism [13–16].

Recently, Liu et al. [3] reported a naphthalimide containing

fluorescent chemosensor for fluoride, based on IPT sig-

naling. However, the details about the anion recognition,

have not been disclosed, and consequently the relationship

between the selectivity and the molecular structure is still

not clear. Similarly, Boiocchi et al. [17] have investigated

various chromophores containing hydrogen bonded sites

and concluded that the deprotonation trend has enhanced

by the increase of the acidity of the hydrogen bond donors.

A significant amount of experimental work has already

been reported to obtain specific chemosensors [3–18]. But

still there is hardly any detailed theoretical study that can

help in understanding the recognization process of these

newly synthesized sensor molecules [19, 20]. In designing

the new sensor molecules, it is difficult to detect and

amplify an anion binding event to produce a measurable

output signal [21–24]. This can be made simple with a

detailed insight into the sensor anion interactions, which is

currently possible through an efficient quantum chemical

study on these systems. Taking all these aspects into con-

sideration, a comprehensive DFT study has been carried

out on a recently synthesized, both colorimetric and fluo-

rescent fluoride ion chemosensor 1 [25]. In this study,

special emphasis has been given to sensor-anion inter-

actions and its signaling properties. In addition to this, we

checked the possibility of substitutions of electron donating

and withdrawing groups on the sensor to improve its output

signaling properties and binding affinity for better

efficiency.

2 Computational details

Calculations were performed using Gaussian03 program

[26]. All geometry optimizations of neutral molecules and

their deprotonated ions for ground state (So) were per-

formed using Becke’s exchange functional [27], combined

with Lee–Yang–Parr correlation functional [28] and

denoted as B3LYP [29]. Extensive literature study shows

that B3LYP yields accurate results for calculating binding

energies in H-bonded systems. It has been asserted that

B3LYP is good (although not the best) functional for

H-bonding interactions through its comparison with the

second-order Moller-plesset (MP2) and experimental data

[19, 20, 30–35]. First excited singlet state (S1) structures

for neutral 1 and 12 (deprotonated anion of 1) were opti-

mized by CIS [36] method. UV–Vis absorption and

fluorescent properties of 1, 1- and the derivatives of 1 were

calculated by TD-B3LYP [37, 38] method. The spectra

were also calculated by TD-B3LYP method considering

solvent effects with dielectric constant value of acetonitrile

through conductor polarizable continuum model (CPCM)

[39] using the cavity parameters as suggested by Klamt, i.e.

the approach of conductor-like screening model for real

solvent CPCM (COSMO) [40]. All ground state optimi-

zations have been performed using 6-31G* basis set. For

TD-B3LYP and CIS besides 6-31G* basis set 6-31 ? G*

basis sets has also been employed for checking the effect of

diffuse functions. Similarly, binding energies has also been

calculated at both 6-31G* and 6-31 ? G* basis sets. Fur-

thermore, three 1X2 (X = F, Cl, Br) complexes of system

1 were optimized at B3LYP/6-31G* in gas phase, solvent

and with basis set superimposition error (BSSE). As above

mentioned CPCM (COSMO) is only available for single

point calculations in Gaussian 03, we used polarized con-

tinuum method (PCM) [41] and Onsager method [42] for

optimization of these complexes using the dielectric con-

stant value of acetonitrile as solvent. Onsager method of

self-consistent reaction field (SCRF) with a spherical shape

cavity is based on the Onsager model that has reproduced

comparable results with PCM and experiment data in cer-

tain reports [43]. Onsager calculations require values of the

molecule volume besides the dielectric constant. This

volume was calculated by using the volume keyword for

each system before Onsager calculations. PCM model

assumes that the solvent is a continuum dielectric, which

generates a reaction field interacting with the solute charge

distribution.

In intermolecular interactions, basis functions centered

at one molecule help to compensate the basis set incom-

pleteness on the other molecule leading to overestimation

of binding energy. BSSE will be zero if complete basis sets

are used (which is impossible in practice). Counterpoise

(CP) correction scheme of Boys–Bernardi [44] has been

used to take into account of BSSE. This method has been

used to calculate the binding energies of sensor halide ion

complexes considering sensor molecule as fragment A and

halide ion as fragment B using the following equation:

DeBSSE ABð Þ ¼ E ABAB
� �

� E AAB
� �

� E BAB
� �

ð1Þ

where E(ABAB) is the energy of the complex AB with the

basis set of AB, while E(AAB) and E(BAB) are the energies

of fragment A and fragment B, respectively, with the basis

set of AB at their respective geometries adopted from the

complex of AB.

3 Molecular geometries

On Sarkar’s [25] work a further important point about the

structure of system 1 has been found. They presented a gas

phase structure of 1 in which the benzoyl group is bent over

the pthalimide part. In our study, we further investigated

about structure using a more accurate basis set, i.e. 6-31G*

and found a minimum potential energy surface in which
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both parts instead of bending over each other they are in

some what linear fashion as shown in Scheme 1. To find

the global minimum between these two forms, both the

structures were optimized with the same method and basis

set. It was found that linear structure has lower energy and

more stable than its bent form. After checking the fre-

quency calculations, we performed additional single-point

calculations at higher basis set, i.e. 6-31 ? G**. It was

further confirmed that at both levels of theory B3LYP and

HF, the linear form is more stable than the bent form by

4.43 and 4.55 Kcal/mol, respectively. So we used linear

form in rest of our computational work.

4 Selectivity of fluoride ion

For an excellent chemosensor, high selectivity is consi-

dered as a matter of importance. The calculated binding

energies for the complexes formed between hydrogen bond

donors and acceptors provide a useful scale to assess the

relative strengths of these interactions. In many studies,

binding energies have been successfully correlated with the

selectivity in anion sensing processes [45–49]. While in

some others cases these have also been found in good

agreement with experimentally calculated association

constants [19, 49]. To check the selectivity trend of pre-

vious experimental work, we have calculated binding

energies of 1 and the halide ions. The binding energies

(De) of complexes 1 � F-, 1 � Cl- and 1 � Br- have been

calculated by considering the BSSE (Table 1). The calcu-

lated binding energy of fluoride complex supports the

distinct selectivity of fluoride ion from the other halides. At

both levels, B3LYP/6-31G* and B3LYP/6-31 ? G*, the

binding energies of 1 � F- are -74.81 and -54.28 Kcal/

mol, respectively which are more than twice as those of

1 � Cl- and 1 � Br-. The fluoride ion has high electro-

negativity and smaller size; it reacts more vigorously to the

acidic proton of chemosensor molecule (1) as compared

with other halide ions (Cl-, Br-) leading the abstraction of

its proton (explained in next Sect. 5). This trend found in

our calculations correlates well with already calculated

binding energies of different halide ions through this

method and experimental work [19, 25, 49].

5 Proton abstraction

In order to further investigate, either the recognization

process is mediated through the H-bonding interaction (N–

H:::F) between 1 and F- or proton abstraction (PA)

(N:::H–F) from the amido hydrogen of 1 to F-, the three

complex systems consist of 1X- (X = F, Cl, Br), with an

initial H���X distance set at around 1.75Å (as a typical

N���HX hydrogen bond distance ranging from 1.73 to

1.77Å) and NH���X angles [110� [50, 51] have been

optimized. The most important bond parameters for these

complexes that were optimized with, without BSSE cor-

rection and also in a continuum medium have shown in

Table 2.

As BSSE is considered important especially in weak

intermolecular interactions where it has shown close

agreements with experimental results [52, 53], we selected

the BSSE optimized geometry to differentiate between

hydrogen bonding (HB) and PA. Comparing the N–H bond

length of 1 � F- with 1 molecule it is clear that N–H bond

has broken in the optimized complex wherein N–H dis-

tance is 1.801Å (instead of a normal N–H distance of

1.01 Å). From the change of N–H distance (greater than

0.790 Å) it is clear that the N–H bond has been broken and

H? moved close to F- with RH���F = 0.96 Å in 1 � F-

complex (Fig. 1). For further confirmation of this PA,

Wiberg bond indices and natural atomic charges were

calculated at the BSSE optimized geometries by using the

natural bond orbital (NBO) analysis option as incorporated

in the Gaussian 03 program and are presented in Table 3.

A careful analysis of Table 3 shows that among these

halide ions only F- has considerably lowered its negative

charge with a concurrent increase at N atom of amido group.

This is of course, due to the abstraction of amido proton from

N atom (gain -ve charge) while it is not in the case of Cl-

and Br-. A similar conclusion can be obtained by examining

the results of Wiberg bond indices in Table 3 where bond

indices of N, H and X atoms show the formation of N:::H–

X- specie in 1 � F- complex with a bond index of 0.594
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Scheme 1 Labeled structure of 1 molecule and its derivatives

Table 1 Calculated BSSE corrected binding energies DeBSSE (Kcal/

mol)

Basis sets Energy 1 � F- 1 � Cl- 1 � Br-

6-31G* DeBSSE -74.81 -32.17 -29.11

6-31 ? G* DeBSSE -54.28 -29.78 -25.40
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between F and H atoms while a weak H-bond interaction

N–H:::X- have been observed in 1 � Cl- and 1 � Br-

complexes with bond indices of 0.110 and 0.031, respec-

tively. Our results are in good agreement with the fact that

IPT between chemosensor 1 and F- took place on adding

enough amount of tetrabutylammonium fluoride (TBAF) to

the sensor’s solution, where as it was not in case of Cl- and

Br- as shown in experimental work [25].

Comparisons between BSSE geometries and PCM

optimized geometries of 1X- complexes show different

trends. In BSSE the increase in N–H distance 0.790 Å

supports the PA while in PCM geometry this difference is

only 0.120 Å which favors the HB. Although this change in

N–H bond length at two other optimized geometries (in gas

and Onsager method) is less than at BSSE but their H–F-

bond length is consistent with the H–F average bond length

of 1.14 Å in HF�2 molecule [54] which supports PA. The

difference between PCM and other three optimized

geometries may be due to difference of methodology to

optimize these complexes. Unlike the other three methods,

in PCM model the cavity is created via a series of over-

lapping spheres and hydrogen is treated explicitly from its

heavy atom which may lead to the underestimation of this

change in N–H and H–F distances in optimization.

6 Absorption and fluorescence spectra

Maximum absorption (kab) and emission wavelengths (kem)

of 1 and 1- are presented in Table 4. These were calculated

by TD-B3LYP method using various basis sets and also

Table 2 Bond distances (Å) of RH–N and RH–X and H-bond angles

(�) of hN–H���X, UC5–N–H���X in 1X- optimized complexes with different

methods

Method Complexes RN–H RH���X hN–H���X UC5–N–H���X

Without BSSE 1 � F- 1.471 1.032 171.51 46.84

1 � Cl- 1.040 2.220 168.23 0.18

1 � Br- 1.044 2.414 167.92 0.04

1 1.010 – – –

With BSSE 1 � F- 1.801 0.968 172.90 63.20

1 � Cl- 1.040 2.216 168.71 1.57

1 � Br- 1.037 2.434 168.46 1.85

With soln.

Onsager 1 � F- 1.462 1.038 171.72 38.63

1 � Cl- 1.032 2.345 168.90 0.10

1 � Br- 1.031 2.501 168.24 0.30

PCM 1 � F- 1.130 1.342 169.72 25.49

1 � Cl- 1.021 2.532 166.07 0.33

1 � Br- 1.021 2.677 166.00 0.63

Fig. 1 Optimized complexes of

1X- (X = F, Cl, Br) with BSSE

correction

Table 3 NBO charges and bond indices of three 1X2 (X = F, Cl,

Br) complexes

System NBO charges Wiberg bond index

N X N–H H–X

1 � F- -0.716 -0.609 0.102 0.594

1 � Cl- -0.620 -0.854 0.667 0.110

1 � Br- -0.619 -0.851 0.680 0.031
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CPCM (COSMO) solvent effects were included. Both kmax

of absorption and emission for 1 and its 1- are slightly

basis sets dependent especially when adding diffuse func-

tions to C, N and O atoms.

CPCM (COSMO) solvent effects are significant for kem

of 1 and 1-. All the calculated kab values for 1 and 1- are in

good agreement with the experimental results using 6-31G*

basis set. Adding diffuse function showed an overall

increase in both absorption and emission wavelengths but

the trend is same by comparing the values at both basis sets

between neutral and anionic species. For fluorescent kem,

TD-B3LYP/6-31 ? G* including bulk acetonitrile solvent

effects gives the best converged result for 1, but for 1- these

basis sets little overestimate. Li et al. [20] using the same

method and basis set have calculated the emission spectrum

of 4-benzoylimido-N-butyl-1-8-naphthalimide anion with a

difference of 51 nm to the experimental value. They

described this difference due to the neglect of solvent effect

on the geometry optimization of anionic structure but in our

case with a similar anion and method the difference is just

31 nm which can be easily rationalized with reference to the

above work reported previously. Simulation of both

absorption and fluorescence spectra observed in experiment

give credit to the choice of calculation method [25].

It has been also investigated that the observed colori-

metric and fluorescent signals are induced due to the sensor’s

deprotonation by F-. The deprotonation of amido hydrogen

causes a significant increase of electron charge density on

nitrogen atom of amido group associated with enhanced

push–pull character between amido and carbonyl groups

[55, 56]. Besides this, comparing the geometry of system 1

neutral molecule with its anionic structure after deprotona-

tion, it is found that the p conjugation becomes extensive in

1- than 1. The bond lengths of N4–C3, N4–C5, C9–C10, and

C8–C11 (Table 5) are shortened more significantly than

others, suggesting the stronger coupling among amido,

benzene ring and carbonyl groups in 1-. This is further

confirmed by the dihedral angles between phthalimide,

amido and benzoyl components that have become almost

zero resulting a planar structure and easy redistribution of

charge during excitation. As a consequence, the HOMO-

LUMO energy gap decreased in host sensor molecule after

deprotonation by an external F-. The lower HOMO-LUMO

energy gap implies that it is easier to promote an electron

from the ground state to excited state which is in accordance

with the observed red-shifted in absorption and emission

wavelengths of deprotonated anion (Scheme 2).

7 Tuning of sensor molecule

The emission color of a fluorescent sensor is important in

selective detection because it is often needed to avoid

probable interferences by the fluorescence impurities

Table 4 Maximum absorption kab (nm) and emission kem (nm) wavelengths of 1 and its 12 by TD-B3LYP with different basis sets

Basis set Absorption wavelengths kab Emission wavelengths kem

1 Neutral 1- Deprotonated 1 Neutral 1- Deprotonated

6-31G* 328 455 371 (410)a 495 (517)

6-31 ? G* 335 468 381 (411) 517 (539)

Experimentalb 330 425 412 570

a Values in parenthesis have taken considering CPCM (COSMO) solvent effect
b Experimental results are taken from Ref. [25]

Table 5 According to

Scheme 1 labeled atoms, bond

lengths (Å), bond angles and

dihedral angles (�) in 1 and 12

Bond lengths 1 Neutral 12 Deprotonated Bond angles 1 Neutral 1- Deprotonated

N4–C3 1.402 1.360 C2–C3–N7 120.2 116.8

N4–C5 1.386 1.352 C2–C3–N4 116.7 116.7

C5–O6 1.224 1.249 C7–C3–N4 123.0 127.5

C7–C8 1.384 1.379 C3–N4–C5 128.8 122.3

C8–C11 1.497 1.494 N4–C5–O6 123.3 129.8

C9–C10 1.487 1.462 C2–C3–N7 120.2 116.8

C10–C12 1.215 1.225 C2–C3–N4 116.7 116.7

C11–C13 1.401 1.22 C7–C3–N4–C5 4.1 0.006

C11–N14 1.402 1.401 C3–N4–C5–O6 2.8 0.000

C10–N14 1.407 1.422 N4–C5-Ph 25.4 0.003

C15–N14 1.452 1.442 O6–C5-Ph 22.9 0.004
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present in environmental and biological samples. In spite of

several efforts, in modifying the emission color of sensor

molecule still theoretical methods based on molecular

orbital calculations have scarcely been exploited [32].

For selective detection, a sensor with higher binding

affinity and longer wavelength of absorption and emission

is desired. We tuned these two important properties of

sensor, i.e. its binding affinity with F- that can be increased

by making the sensor molecule as stronger electron

acceptor. For achieving a change in wavelength, it is well

known that by adding the electron-donating or withdrawing

groups to fluorophores generally cause changes in their

transition energies consistent with a shift not only in

absorption but also in emission wavelength. The pristine

sensor molecule 1 shows a maximum absorption wave-

length at 330 nm and has calculated binding energy of

-74.81 Kcal/mol with F- (see Table 8 in supporting

information). Therefore, as novel F- sensors derivatives of

1 having absorption maximum at a longer wavelength and

higher binding energies than that of 1 are desired in

chemical sensing. For checking the effect of substituents,

we selected two positions (N-phthal and para benzoyl) on

system 1 molecule as shown in Scheme 1. From experi-

mental standpoint, N-phthal nitrogen atom of phthalimide

is more favorable for many kinds of reactions due to the

alpha position to the both carbonyl groups [57, 58]. But

benzoyl ring has three possible positions, i.e. ortho, meta

and para. These three positions have been checked sys-

tematically and selected the para position due to its higher

stability and less steric hindrances in derivative molecules.

So these two positions for substitutions have been taken,

i.e. N-phthal and para benzoyl of system 1. Figure 2 pre-

sents change in binding energy with different withdrawing

groups, i.e. CN, NO2 and NRþ3 at these two selected

positions. These groups showed higher binding energies at

N-phthal position than their counter benzoyl positions due

to the carbonyl groups at phathal position that add up to

their withdrawing effects but in case of stronger with-

drawing groups this effect becomes less distinct (Fig. 2).

It is also noticed that in case of system 2, methyl group

being a poor electron releasing could not produce any

significant change both in binding energy and absorption

maximum (see Table 8 in supporting information). To

obtain a reliable spectrum data of substitutions, besides

B3LYP we have also employed PBE0 [59] functional

which embodies a different percentage of exact exchange

than B3LYP. Both methods show a good consistent trend

in calculating the transition energies of substitutions pre-

sented in Fig. 3. Although the addition of diffusion

functions showed higher absorption wavelengths but the

over all trend among different substituents is about same

(Fig. 3). So in this comparative type of study the results of

both the basis sets could be consider reliable. Figure 3

shows that NO2 group derivatives have considerably

increased kmax as compared with parent system 1 and CN

derivatives. This might be due to NO2 group which joins

molecular conjugation at benzoyl position and extends the

conjugated-system of sensor and its anion. In system 8 and

9, besides a strong inductively withdrawing group NRþ3 has

a formal positive charge which also produces some elec-

trostatic interactions in sensor. Both the substitutions are

more effective than CN and NO2 derivatives in producing

higher binding energy and longer wavelength of absorption

and show the binding energy of about 132 Kcal/mol twice

the parent system 1 and a red shift of 58 nm absorption
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maximum in deprotonation process. After deprotonation

with F- system 8 and 9 produce zwitterions. Amendola

et al. [60] have also determined the efficiency of an amide

based receptor which formed zwitterions after deprotona-

tion with F-. Besides this, they have successfully isolated

the zwitterions as a crystalline solid. From this, we can

rationalize the efficiency and reliability of our predicted 8

and 9 derivatives. Thus in short, our substitutions can

predict not only a higher absorption and emission wave-

lengths but also a sensor molecule with higher anion

binding affinity that is highly desirable in selective sensing.

8 First hyperpolarizability

Ionic and zwitterionic organic chromophores are consid-

ered to be an important new class of materials for

application in nonlinear optics. Polar molecules can be

utilized in poled polymers where large dipole moments (l)

play an important role [60]. Currently, there is a need to

develop molecules with large dipole and hyperpolari-

zability values for poled polymers as they seem to be

closest to commercial applications [61, 62]. Lambert et al.

[63] have studied a new family of zwitterionic NLO

chromophores in which a polyene bridge is capped by

phenyl rings substituted by NRþ3 at one end and at the other

end by BRþ3 : Abbotto et al. [64, 65] have also reported the

synthesis and NLO properties of a series of novel zwit-

terionic chromophores. Their measured lb values are

negative and one of the highest values reported till now in

the literature. Hyperpolarizabilities are often described

within the dipolar approximation on the basis of the so-

called two-state model [66]. Within the frame work of two

state model the b value is expressed as

blð0Þ ¼
3ðMgeÞ2Dl

2ð�hxgeÞ2

where Dl = le - lg is the difference between the dipole

moments in the excited and ground states, �hxge is the

transition energy, and Mge is transition dipole moment

between the ground and excited states. Hence the two level

model requires that a well-performing NLO chromophore

possess a low energy CT excited state with large oscillator

strength. In above studied derivatives, systems 8, 9 and

their deprotonated forms (8z and 9z) are ionic and zwit-

terionic chromophores, respectively with high dipolar

characters in their ground states. Zwitterionic system 8z

and 9z show a significantly higher ground state dipole

moment and lower transition energy than system 8 and 9.

Many similar zwitterionic systems have shown good NLO

response with these properties [67, 68] that inspired us to

probe into the NLO responses of these four systems. The

first hyperpolarizability (b) was calculated by using time-

dependent density functional theory (TDDFT) combined

with the sum-over-states (SOS) method. Our group has

successfully applied this method to investigate the NLO

properties of a series of compounds [65–72]. First 50

excited states were calculated using TD-B3LYP model.

Then those physical values were taken as input of the SOS

formula to calculate the b value. The accuracy of SOS

methods mainly depends on the convergence of calculation

results.

The plot of bvec values versus the number of excited

states involved in SOS formalism for the studied com-

pounds has represented in Fig. 4. It can be seen that the

convergences are stable after summation over about 40

states for all studied compounds except system 8 for which

we took 100 excited states. Accordingly, it is a reasonable

approximation in the calculation of bvec by employing 50
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excited states in the SOS method in this work. Although 27

components of b tensor can be computed but the compo-

nents along the direction of dipole moment are taken as

bvec. Thus bvec is defined as

bl ¼ bvec ¼
X3

i¼1

libi

l
; ð2Þ

where l is ground state dipole moment and

bi ¼ biii þ 1=3
X

i 6¼j

bjii þ biji þ biij

� �
; i; j ¼ x; y; zð Þ ð3Þ

Because the x-axis is directed along the axis of charge

transfer in our studied systems as shown in Fig. 5 of

supporting information, so in our calculations the largest

component of the b is also bxxx (Table 6).

All other components have small values, thus

bvec & bxxx. The bvec of these systems consider in this

study were calculated under the external electronic field

and the laser frequency of x ¼ 0:65 eV k ¼ 1; 907 nmð Þ:
From Table 6, we can see bvec of above systems are

determined by bxxx. To gain an insight into the hyper-

polarizabilities of studied systems TD-DFT calculations have

been carried out. The transition energy, oscillator strengths

and major contribution of crucial transitions for all systems

are listed in Table 7 along with their orbital features. Here

the crucial transitions are those who have major contribu-

tion to the value of bxxx and can be seen in Fig. 4. The TD-

DFT results indicate the contributions of these crucial

transitions are in additive fashion so we studied more than

one transition. Both the system 8 and 8z show higher bvec

values than 9 and 9z that can be attributed to their lower

�hxge values. The similar trend can also be seen from going

protonated forms (8 and 9) to deprotonated zwitterionic

forms (8z and 9z) where higher Mge

� �2
and lower �hxge

values lead to the larger bvec of 8z and 9z. Another factor

about higher bvec of 8z is that it has contributions from

three low energy crucial transitions while that is not the

case with other NLO studied systems.

For example 8z have highest bvec among the studied

systems with its two low energy transitions from HOMO to

LUMO and HOMO-2 to LUMO. It can be seen that elec-

tron densities of HOMO and HOMO-2 are largely on

phthalimide and amido parts while LUMO is heavily

located towards the withdrawing group NRþ3 : Similar CT

features of frontier molecular orbitals (FMO) during exci-

tations can also be seen in other studied systems but the

worth of charge transfer is less extensive than 8z. These

calculated bvec values are several times higher than those of

typical compounds containing highly push–pull groups,

e.g. the calculated bvec value of system 8 is about 6 times

higher than the average b of the para nitro aniline (PNA)

[73] calculated with same method and external field

strength. It is interesting to note that in going from pro-

tonated forms to zwitterionic both derivatives show a

remarkable increase in their bvec that becomes

216 9 10-30 and 109 9 10-30 esu for 8z and 9z, respec-

tively (Table 6).

The difference of bvec between protonated and their

zwitterionic forms can be further enhanced by either

improving delocalization or increasing the strength of

donor or acceptor groups (improving electron asymmetry).

So in this way besides F2 sensor these can also be used as

NLO materials and in NLO switching induced by F2.

9 Conclusions

The present DFT calculations on a phthalimide based

chemosensor provide the theoretical frame work through

which the following conclusions can be obtained.

(1) The sensor anion binding is a ground state deproto-

nation mediated through HB interaction. The

calculated binding energies show the stronger affinity

of F- than Cl- and Br- and this selectivity trend is in

accordance with experiment.

(2) As compared with other halide ions (Cl- and Br-),

F- considerably lowers its negative charge after

abstraction of a proton from the sensor molecule.

(3) The large red shift of signal is induced by the increase

of molecular conjugation and donor strength when

sensor is deprotonated by an external F-.

Table 6 Second order nonlinear optical coefficients of systems 8, 8z,

9 and 9z

System no. l (Debye) bxxx (10-30 esu) bvec (10-30 esu)

8 18.77 84.47 83.88

8z 29.20 215.65 215.77

9 11.29 39.47 39.64

9z 15.96 108.23 109.25

Table 7 Excited states contributions to b for studied molecules

calculated by TD-DFT

Compound Excited

states

Mge

� �2
�hxge fos Major

transitions

ci

8 S0 ! S1 2.128 3.157 0.168 H ! L 0.45

S0 ! S18 2.902 5.088 0.412 H � 2! Lþ 2 0.45

8z S0 ! S1 3.358 2.340 0.193 H ! L 0.64

S0 ! S3 2.548 2.687 0.168 H � 2! L 0.48

S0 ! S20 5.089 4.673 0.600 H � 2! Lþ 2 0.67

9 S0 ! S11 4.769 4.769 0.568 H � 2! Lþ 1 0.44

9z S0 ! S2 2.709 2.378 0.172 H ! Lþ 1 0.67

S0 ! S7 5.286 3.519 0.500 H ! Lþ 1 0.60
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(4) Our investigation shows that substitutions based on

DFT calculations can help not only to improve

selectivity but also the binding affinity of such kind

of chemical sensors. So using the efficient tool of

DFT calculations, we can improve the efficiency of

F- chemosensors that have higher absorption and

emission wavelengths but weak binding affinity and

vice versa.

(5) First hyperpolarizability calculations of systems 8, 9,

8z and 9z also show their possibility of molecular

NLO switching ability induced by F-.
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