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Abstract The interactions between chemosensors, diketo-

pyrrolopyrrole (DPP) derivatives, and different halides (F-,

Cl-, and Br-) anions have been theoretically investigated

using DFT approaches. Theoretical investigations have been

performed to explore the optical, electronic, charge transport,

and stability properties of DPP derivatives as charge transport

and/or luminescent materials. It turned out that the unique

selectivity of DPP derivatives for F- is ascribed to their

ability of deprotonating the host sensors. The atoms in mol-

ecules theory and natural bond orbitals charge analysis of the

complexes consisting of DPP derivatives and X- (X = F, Cl,

and Br) confirm that the protons are almost completely

abstracted by F-. The study of substituent effects suggests

that all the substituted derivatives are expected to be prom-

ising candidates for ratiometric fluorescent fluoride chemo-

sensors as well as chromogenic chemosensors. Furthermore,

the derivatives with biphenyl, 2-(thiophen-2-yl)thiophene,

and benzo[d]thieno[3,2-b]thiophene fragments are expected

to be promising luminescent materials. In addition, deriva-

tives with 2-(thiophen-2-yl)thiophene and 4,9-dihydrothie-

no[3,4-b]quinoxaline fragments can serve as good electron

transport materials for OLEDs as well.

Keywords Diketopyrrolopyrrole derivatives �
Chemosensor � Basis set superposition error (BSSE)

correction � Atoms in molecules (AIM) � Natural bond

orbitals (NBO)

1 Introduction

In the field of supramolecular chemistry, recognizing and

sensing of anionic analytes has recently received signifi-

cant attention because anions play an important role in a

wide range of biological, environmental, and chemical

processes [1–7]. Especially, fluorescent chemosensors that

show the shift of emission bands upon binding to anions

appear to be particularly attractive due to its simplicity,

high sensitivity, and high selectivity [8, 9]. They provide

immediate qualitative signal, which allows direct naked-

eye detection of anions because of a specific color change

of solution upon anion complexation [10–12]. The smallest

anion, F-, has unique chemical properties. It is of partic-

ular interest to detect it owing its essential roles in a broad

range of biological, medical, and chemical processes of

osteoporosis, fluorination of drinking water supplies, or

even in chemical and nuclear warfare agents [13–15].

Therefore, noble methods for the detection of fluoride have

become a hot topic. However, the chemosensors for F- are

rather few, and there is a need for good anion sensors with

an improved specific response, in particular, in selectivity

for F- in the presence of Cl- and Br-. Furthermore, it is

necessary to understand the unique host–guest interaction

of the sensor with F- from other halides anions. Different

signaling mechanisms have been suggested for F-, such as

photoinduced electron transfer (PET) [16], excited state

proton transfer (ESPT) [17], intramolecular charge transfer

(ICT) [18, 19], excimer and exciplex formation [20], and

metal–ligand charge transfer (MLCT) [21].

In parallel to recent experimental work on the chemo-

sensors for F-, theoretical efforts have indeed begun to

constitute an important source of valuable information,

complementing the experimental studies in the host–guest

interaction and signaling properties. A number of studies
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demonstrate the interplay between theory and experiment,

which is capable of providing useful insights into the

understanding of the molecular electronic structure of the

ground and excited states as well as the nature of optical

property for chemosensors [22–25].

1,4-Diketo-3,6-diphenylpyrrolo[3,4-c]pyrrole (DPP) and

its derivatives represent a class of brilliant red and strongly

fluorescent high-performance pigments because of their

exceptional light, weather, and heat stability [26, 27]. Some

DPP derivatives show good optical and electrical proper-

ties due to their high photoluminescence efficiency and

good chemical and thermal stability [28, 29]. Furthermore,

substances containing DPP fragment are promising mate-

rials for the constructing of organic light-emitting diodes

(OLEDs) [30], polymer solar cells (PSCs) [31–33], two-

photon absorption [34, 35], and field effect transistors

(FET) [36]. Recently, a ratiometric fluorescent fluoride

chemosensor as well as chromogenic chemosensor made of

diketopyrrolopyrrole (DPP) derivatives has been reported

[37]. F--induced color change allows its detection with

naked eyes. The changes in the electronic absorption and

fluorescence behavior of DPP derivatives are due to

F--induced deprotonations of the active N-H group of

diketopyrrolopyrrole moiety.

Herein, we report the investigation of both host–guest

interaction and signaling properties from theoretical point

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

the available experimental electronic and spectroscopic

characteristics have been discussed by the investigation of

the optical and electronic properties of DPP derivatives.

Furthermore, quantum chemical studies of the substitution

effect on the electronic and optical properties of DPP

derivatives are thereby called for designing novel func-

tional materials. To investigate the substituent effect, sev-

eral DPP derivatives (1–7), as shown in Scheme 1, have

been designed by introducing functional groups on DPP.

The optical and electronic properties of these derivatives

are predicted to provide a demonstration for the rational

design of new fluorescent and/or chromogenic chemosen-

sors for fluoride anion, as well as some candidates for

luminescent and charge transport materials for OLEDs.

2 Computational details

All calculations were performed using Gaussian 09 code

[38]. Optimizations were carried out without symmetry

constraints. On the basis of our previous successful cal-

culation for some fluoride chemosensors [39–42], the

geometries of 1–7 and their anions in ground states (S0)

were optimized by using the hybrid B3LYP functional with

6-31?G(d,p) basis set. Furthermore, complexes consisting

of 1–7 and X- (X = F, Cl, and Br) were optimized at the

same theoretical levels as above with the consideration of

the basis set superposition error (BSSE) correction using

the counterpoise method [43]. The first excited singlet-state

(S1) structures for 1–7 and their anions were optimized at

the TD-B3LYP level using 6-31?G(d,p) basis set. The

harmonic vibrational frequency calculations using the same

methods as for the geometry optimizations were used to

ascertain the presence of a local minimum and to evaluate

the zero-point energy corrections. Absorption and fluores-

cent properties of 1–7 and their anions were predicted

using the TD-PBE0/6-31?G(d,p) method based on the S0

and S1 optimized geometries, respectively. To investigate

the influence of solvents on the optical properties of the S0

and S1 states for the molecular systems in dichloromethane

(DCM, dielectric constant: 8.93) solvent, we performed the

polarized continuum model (PCM) [44] calculations at the

TD-DFT level.

To gain additional insight into the bonding characteris-

tics of the studied complexes consisting of 1–7 and X-

(X = F, Cl, and Br), we used the atoms in molecules

(AIM) [45, 46] theory at the B3LYP/6-31?G(d,p) level.

The charge distribution was performed using the natural

bond orbital (NBO) approach, which has been proven to be

very valuable in the study and characterization of hydrogen

bonds and cooperative effects [47].

The charge transfer rate can be described by Marcus

theory [48, 49] via the following equation:

K ¼ V2
�

�h
� �

p=kkBTð Þ1=2
exp �k=4kBTð Þ ð1Þ

where T is the temperature, kB is the Boltzmann constant, k
represents the reorganization energy due to geometric

relaxation accompanying charge transfer, and V is the

electronic coupling matrix element (transfer integral)

between the two adjacent species dictated largely by orbital

Scheme 1 Geometries of diketopyrrolopyrrole derivatives (1–7) and

their deprotonation chemosensing processes for F-. Dotted lines
denote hydrogen bonds
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overlap. There are two major parameters that determine the

self-exchange electron transfer rate: the V and k. In order to

investigate V (the charge transfer coupling integral for the

electron/hole), crystal data in general are required [50–52].

However, the crystal data of our designed molecules are

unavailable, and we cannot predict them due to the lack of

available approaches. Thus, we focus on their reorganiza-

tion energies k to investigate their charge transport prop-

erties. Generally, the k can be divided into two parts,

external reorganization energy (kext) and internal reorga-

nization energy (kint). kext represents the effect of polarized

medium on charge transfer; on the other hand, kint is a

measure of structural change between ionic and neutral

states [53, 54]. Our designed molecules are used as charge

transport materials for OLEDs in the solid film; the

dielectric constant of the medium for the molecules is low.

The computed values of the external reorganization energy

in pure organic condensed phases are not only small but

also much smaller than their internal counterparts [55–59].

Moreover, there is a clear correlation between kint and

charge transfer rate in the literature [60, 61]. The reorga-

nization energy could be an important factor that governs

the mobility of charge carriers [62]. Therefore, we only pay

attention to the discussion of the kint of the isolated active

organic systems due to ignoring any environmental relax-

ation and changes in this paper. Our calculations of the

reorganization energy associated with different geometries

of two states are based on the hopping model schematically

illustrated in Fig. 1. Moreover, in order to compare with

the interested results reported previously [63–65], the

reorganization energies for electron (ke) and hole (kh) of

the molecules were predicted from the optimized neutral,

cationic, and anionic geometries at the B3LYP/6-31G(d,p)

level.

3 Results and discussion

3.1 Host–guest interaction

In order to obtain insight into the anion-sensing mecha-

nism, the interactions between hosts and guests have been

investigated exploiting the density functional method.

Table 1 presents the most important geometrical parame-

ters for complexes 1-�HF and 1�X- (X = Cl and Br) with

and without BSSE corrections. The geometries of the

complexes 1-�HF and 1�X- (X = Cl and Br) with BSSE

corrections are shown in Fig. 2. The Cartesian coordinates

of 1–7 along with their energies for the S0 are given in

Supplementary Table SI. The corresponding Cartesian

coordinates of complexes for 1–7 along with their free

energies for the S0 are given in Supplementary Table SII.

According to the suggested geometry cutoffs for D–H���A
hydrogen bond definition, that is, H���A distances \3.0 Å

and D–H���A angles [110� [66, 67], the interaction

between pyrrole-N and H in complex 1-�HF and between

Cl and Br and pyrrole-NH in 1�X- (X = Cl and Br) can be

identified as hydrogen bonds. Comparing the optimized

geometries with and without BSSE corrections, one may

find that the deviations of the hydrogen bond length

between pyrrole-N and H (RN…H) and the distance

between H and F (RH–F) in complex 1-�HF are 0.008 and

0.002 Å, respectively. The corresponding deviation of the

angles hN–H…F in complex 1-�HF is 0.1�. Therefore, BSSE

correction is necessary for the optimization of this kind of

system to some extent. Compared with the H–N bond in 1

(1.009 Å), obviously, the H–N bond is broken (0.487 Å

elongation) and RH���N = 1.496 Å and RH–F = 1.018 Å

forming 1-�HF. For chemosensors n (n = 2–7), the values

of RH���N in complexes n-�HF (n = 2–7) are 1.502, 1.492,

1.527, 1.509, 1.627, and 1.494 Å, while the corresponding

values of RH–N in neutral chemosensors n (n = 2–7) are all

1.009 Å as in 1 (see Tables SI and SII in Supplementary).

It suggests that the H–N bonds are broken (0.485–0.618 Å

elongation) forming n-�HF. Namely, the pyrrole-NH

moieties of chemosensors n (n = 1–7) can be efficiently

deprotonated by F-. In the cases of Cl- and Br-, however,

RH–N values only change slightly (\0.05 and 0.04 Å

elongations, respectively). It suggests that deprotonations

indeed take place from the acidic pyrrole-NH of host

chemosensors to form n- and HF in the presence of F-.

However, for Cl- and Br-, the host chemosensors prefer to

form the hydrogen-bonded complexes between n and Cl-

and Br-, rather than formation of n- forms. Comparing the

signaling properties of chemosensors 1–7 for F- with other

chemosensors in our previous works, one can find that the

F- detecting properties of 1–7 are similar to those of 2-(2-

hydroxyphenyl)-1,3,4-oxadiazole and coumarin derivatives

[39, 40]. However, the signaling properties of chemosensors

Fig. 1 Sketch of the potential energies of neutral and cation/anion

species, illustrating the neutral (k1) and cation/anion (k2) relaxation

energies
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1–7 for F- are different from the chemosensors of both

thiazole and aminophthalimide derivatives, which prefer to

bind with F- and form the complexes, rather than forma-

tion of anion forms [41, 42]. Different chemosensors for F-

show that different detecting properties may be attributed

to the geometry of the active moieties for F-, which should

be taken into account for the future studies.

The BSSE-corrected interaction free energies (DGBSSE,

in which the vibrational contributions include zero-point

vibrational energy) of n-�HF and n�X- (n = 1–7, X = Cl

and Br) are calculated based on of the optimized geome-

tries with BSSE correction. The DGBSSE values of n-�HF

and n�X- (n = 1–7, X = Cl and Br) are listed in Table 2.

It is clear that the DGBSSE of complexes n-�HF (n = 1–7)

are much more favorable for the distinct selectivity of F-

than other halide anions. Furthermore, complexes n�X-

(n = 1–7, X = Cl and Br) are only hydrogen-bonded

complexes in nature. The deprotonations do not take place

from the acidic pyrrole-NH of host chemosensors to form

anions as in the presence of F-. It indicates that the

absorption and fluorescent properties of the host chemo-

sensors are similar to those before the addition of Cl- or

Br-. These calculation results are in good agreement with

the reported experimental observations that intermolecular

proton transfer (IPT) between chemosensor substrate 1 and

F- occurs when the concentration of F- reaches certain

level from the addition of F- to the chemosensor solution

[37]. Inspection of Table 2 reveals clearly that the DGBSSE

values of complexes n-�HF (n = 2–7) are similar to that of

1-�HF (the deviations are within 4.5 kcal/mol). This indi-

cates that the different functional group substituents do not

significantly affect the DGBSSE values compared with that

of 1. However, the DGBSSE values of complexes n-�HF

(n = 1–7) are more than twice as those of n�X- (n = 1–7,

X = Cl and Br), respectively. Thus, one can conclude that

the host chemosensors have much stronger affinity to F-

than to Cl- and Br- through intermolecular proton transfer,

which leads to the formation of chemosensors anions by

F-. The hydrogen bond acceptor F- is stronger than those

of Cl- and Br-, respectively. On the other hand, the more

pronounced the proton transfer reaction, the higher the

Table 1 The distances of RN–H and RH…X (in angstroms) and H-bond angles of hN–H…X (in deg) in complexes 1-�HF and 1�X- (X = Cl and

Br) with and without BSSE corrections at the B3LYP/6-31?G(d,p) level

Species Without BSSE With BSSE

RN–H RH…X hN–H…X RN–H RH…X hN–H…X

1 1.009

1-�HF 1.496 1.018 175.5 1.504 1.016 175.4

1�Cl- 1.057 2.061 178.2 1.056 2.065 178.2

1�Br- 1.051 2.193 179.0 1.046 2.299 179.2

Fig. 2 Geometries of the complexes 1-�HF and 1�X- (X = Cl and Br) with BSSE corrections at the B3LYP/6-31?G(d,p) level

Table 2 The DGBSSE (GBSSE = G(n�X-) -[G(n) ? G(X-)], in kcal/

mol) of complexes n-�HF, n�Cl-, and n�Br- (n = 1–7) at the B3LYP/

6-31?G(d,p) level

n n-�HF n�Cl- n�Br-

1 -52.3 -20.2 -21.8

2 -47.8 -16.8 -17.9

3 -50.1 -18.5 -19.5

4 -56.8 -22.6 -23.8

5 -47.8 -15.9 -17.3

6 -53.2 -19.5 -20.5

7 -49.7 -18.1 -19.8
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intensity of the hydrogen bond interaction and the higher

the stability of the complex [67, 68]. Furthermore, the

DGBSSE, RH–N, and RH–X (X = F, Cl, and Br) values of

complexes also support the distinct selectivity for F- from

Cl- and Br-.

3.2 AIM and NBO analysis

The AIM theory is often applied to study hydrogen bonds

[69–71]. The characteristics of bond critical points (BCPs)

are very useful to estimate the strength of hydrogen bonds.

To gain a deeper insight into the fundamental nature of

NH���X (X = F, Cl, and Br) hydrogen bonds, it is crucial to

obtain reasonable estimates of their relative energies. In

particular, the electron densities, q(r)bcp, and their Lapla-

cians, r2q(r)bcp, evaluated at BCPs are frequently used as

indicators of hydrogen bond. More specifically, the kinetic

G(r)bcp and potential V(r)bcp electron energy densities are

often used to gain additional insight into the strength and

nature of a given hydrogen bond. The local kinetic electron

energy density can be evaluated from the values of q(r)bcp

and r2q(r)bcp as [72]

GðrÞbcp ¼
3

10
ð3pÞ2=3qðrÞ5=3

bcp þ
1

6
r2

qðrÞbcp ð2Þ

The kinetic energy density G(r)bcp is in turn related to the

potential energy density V(r)bcp through the local statement

of the virial theorem [73]:

VðrÞbcp ¼
�h2

4m
r2qðrÞbcp � 2GðrÞbcp: ð3Þ

The hydrogen bond energy EHB (defined as -De, where De

is the hydrogen bond dissociation energy) in molecules can

be estimated within the framework of the AIM analysis

using the relationship [74]:

EHB ¼ �De ¼ 0:5VðrÞbcp ð4Þ

The q(r)bcp, r2q(r)bcp, and EHB of the complexes n-�HF

and n�X- (n = 1–7, X = Cl and Br) are given in supple-

mentary Tables SIII and SIV, respectively. As a general

rule, hydrogen bonds are characterized by positive values

of r2q(r)bcp and low q(r)bcp values (\0.1). Covalent bonds

(shared interactions) have negative r2q(r)bcp values and

high values of q(r)bcp, whereas the values of r2q(r)bcp

become positive when the bonds contain the ionic nature

[75]. The results displayed in Table SIII reveal that the

q(r)bcp and r2q(r)bcp values of H���N in n-�HF (n = 1–7)

are about 0.08 and 0.07, respectively. It suggests that the

interactions between N and H in n-�HF (n = 1–7) are

hydrogen bonds in nature. The q(r)bcp and r2q(r)bcp values

of H–F in n-�HF (n = 1–7) are about 0.26 and -1.20,

respectively. Hence, H–F bonds of n-�HF (n = 1–7) con-

tain the covalent bond nature. On the contrary, for

complexes n�X- (n = 1–7, X = Cl and Br), BCPs at H–N

provides r2q(r)bcp \ 0 (about -1.5) and high positive

values for q(r)bcp (about 0.3), which are characteristics of

covalent type interactions. For H���X bonds in complexes

n�X- (n = 1–7, X = Cl and Br), the values of q(r)bcp and

r2q(r)bcp are about 0.03 and 0.06, respectively. It indicates

that H���X bonds in complexes n�X- (n = 1–7, X = Cl and

Br) show hydrogen bond characteristics. Furthermore, the

EHB values of H���N and H���X in complexes confirm the

expectation. The EHB values of H���N bonds in n-�HF

(n = 1–7) are more negative than those of H���X bonds in

n�X- (n = 1–7, X = Cl and Br), indicating that the

strength of H���N hydrogen bonds in n-�HF (n = 1–7) is

stronger than that of H���X hydrogen bonds in n�X-

(n = 1–7, X = Cl and Br). The above results show quali-

tative agreement with the results based on their geometries.

It is well known that the electronic reorganization

derived from the formation of a hydrogen bond is associ-

ated with a charge transfer between the two moieties of the

complex [66]. The overall NBO charge transfer has been

evaluated by summing up the NBO atomic charges on the

two moieties of each hydrogen-bonded complex (the host

chemosensors and halides). We select the parent compound

1 as representative of the system under investigation. The

calculated NBO charge densities for 1-�HF and 1�X-

(X = Cl and Br) are collected in supplementary Table SV.

It clearly shows that the sum of the charges on the 1-

moiety is -0.876, while the corresponding value of HF is

only -0.124 in complex 1-�HF. The sum of charges on the

1 moiety and Cl- in 1�Cl- are -0.160 and -0.840, while

the corresponding values in 1�Br- are -0.145 and -0.855,

respectively. Hence, the NBO charge analysis also indi-

cates that the proton is almost completely abstracted by F-.

In the cases of Cl- and Br-, however, the host chemo-

sensor prefers to form the hydrogen-bonded complexes

between 1 and Cl- and Br-, rather than formation of 1-

form.

3.3 Electronic transition

It is well known that the frontier molecular orbitals (FMOs)

and HOMO–LUMO gaps (Eg) values are heavily related to

the optical and electronic properties. An electronic exci-

tation results in some electron density redistribution that

affects the molecular geometry [76]. To gain insight into

the influence of the optical and electronic properties, the

distributions of the FMOs in S0 for 1 and 1- are investi-

gated, and their sketches are plotted in Fig. 3. The major

assignments of the lowest electronic transitions for 1 and

1- are mainly as HOMO ? LUMO, which corresponds to

a p� p� excited singlet state as visualized in Fig. 3. For 1,

the HOMO and LUMO are spread over the whole conju-

gated molecule. However, the HOMO of 1- is mainly
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localized on diketopyrrolopyrrole and 8-bromobenzene

moieties, while its LUMO is spread over the whole con-

jugated molecule. These results reveal that the F- has

obvious effect on the distribution of FMOs. This implies

that the deprotonation influences the distributions of FMOs

for host chemosensor.

Another way to understand the influence of the optical

and electronic properties is to analyze the EHOMO, ELUMO,

and Eg values. We calculated the FMO energies of 1 and

1- (see Fig. 4) in both S0 and S1 at the B3LYP/6-

31?G(d,p) and TD-B3LYP/6-31?G(d,p) levels, respec-

tively. Both the EHOMO and ELUMO values of 1- in S0 are

higher than those of 1, respectively. However, the predic-

tion of Eg value of 1- is lower than that of 1. This shows

that 1- possesses higher values of both ELUMO and EHOMO

and smaller value of Eg in comparison with 1. These results

suggest that the deprotonation can reduce the Eg value of

host chemosensor. This can be explained by the fact that

the 1- has better conjugation due to small twist angles

between diketopyrrolopyrrole and 8-bromobenzene. The

dihedral values of between diketopyrrolopyrrole and

8-bromobenzene for 1 and 1- are 37.9 and 20.5�, respec-

tively. It suggests that the molecular p-conjugation in 1-

becomes higher than that in 1. Similar phenomena are also

found for S1. These results reveal that the deprotonation by

F- has obvious effect on the distribution of FMOs,

resulting in the large redshift between their UV–vis spectra.

3.4 Optical properties

The original color and emissions of chemosensors change

upon addition of F- because of formation anions. The

Cartesian coordinates of 1–7 anions along with their

energies for the S0 are given in Supplementary Table SVI.

The corresponding Cartesian coordinates of 1–7 and their

anions along with their energies for the S1 are given in

Supplementary Tables SVII and SVIII, respectively. The

bathochromic or hypsochromic shifts between the two

characteristic absorption and emissions of 1 and 1- are

chosen to calculate the colorimetric and fluorescent fluo-

ride anion chemosensor, respectively. Table 3 presents the

absorption kabs and fluorescence kfl wavelengths, assign-

ments, and the oscillator strength f for 1 with and without

F- in DCM at the TD-PBE0/6-31?G(d,p) level. The kabs

and kfl values are all in agreement with the experimental

results [37]. Namely, kabs = 477 and 571 nm and

Fig. 3 FMOs of 1 and 1- in S0 at the B3LYP/6-31G?(d,p) level

Fig. 4 Evaluation of calculated FMOs energies in S0 and S1 for 1 and

1- at the B3LYP/6-31?G(d,p) and TD-B3LYP/6-31?G(d,p) levels,

respectively

Table 3 The absorption (kabs) and fluorescence (kfl) wavelengths (in nm), oscillator strength f, and assignments (coefficient) for 1 with and

without F- in DCM at the TD-PBE0/6-31?G(d,p) level, along with available experimental data

Conditions Absorption Fluorescence

kabs f Assignments Expa kfl f Assignments Expa

Without F- 483 0.69 H ? L (0.71) 477 566 0.74 H / L (0.71) 531

With F- 544 0.46 H ? L (0.70) 571 613 0.44 H / L (0.70) 613

a Experimental results were taken from Ref. [37]
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kfl = 531 and 613 nm before and after the addition of F-,

respectively. The bathochromic shifts between the two

characteristic kabs and kfl values for 1 and 1- are 61 and

47 nm, which are comparable to the experimental values of

94 and 82 nm, respectively. Thus, these results credit to the

computational approach, so appropriate electronic transi-

tion energies can be predicted at these levels for such kind

of chemosensor. The successful simulations indicate that

the observed colorimetric and fluorescent signals truly

originate from the formation of 1- anion.

In general, the sensing procedures and spectral param-

eters of chemosensors can also been affected by solute–

solvent-specific interactions like hydrogen bonding

[77, 78]. Therefore, we select highly H-bonded solvent

water to estimate the effect of solvent on the sensing pro-

cedures and on the spectral parameters of the chemosensor

1. The results suggest that the water effects do not signif-

icantly affect the deprotonation process of chemosensor by

F-. Furthermore, the absorption and fluorescence spectra

of n (n = 1–7) in DCM are similar to those in water (see

detail discussion and Fig. SI and Tables SIX and SX in

Supplementary).

Table 4 presents the absorption wavelengths kabs and

the oscillator strength (f) of 1–7 and their anions in DCM.

The kabs of 2, 5, and 7 have slight bathochromic shifts, the

deviations are within 48 nm, whereas 3, 4, and 6 have

strong bathochromic shifts compared with that of the par-

ent chemosensor 1, the deviations being 67, 133, and

165 nm, respectively. In general, larger oscillator strength

corresponds to larger experimental absorption coefficient

or stronger fluorescence intensity. The f values of 2–7 are

similar to that of 1 except that the f values of 3 and 7 are

larger than that of 1. It suggests that all derivatives corre-

spond to more intensive spectrum. For the n- of the

substituted derivatives, it is found that the kabs of 2-, 5-,

and 7- have slight bathochromic shifts, the deviations are

within 54 nm, while the corresponding values of 3-, 4-,

and 6- have strong bathochromic shifts compared with that

of 1-. The f values of 2-, 3-, 5, and 7- are larger than that

of 1-, while the corresponding values of 4 and 6 are

slightly less than that of 1. It clearly shows that the func-

tional groups in 3, 4, and 6 have more influence on the

shifts of kabs for the substituted derivatives and their

anions, while the functional groups in 2, 5, and 7 do not

significantly affect the kabs of the substituted derivatives

and their anions. Furthermore, derivatives 3 and 7 and their

anions show the most intensive spectrum among the

substituted derivatives and their anions.

On the basis of the results displayed in Table 4 and

taking into account the DGBSSE, one can conclude that all

the substituted derivatives 2–7 are expected to be chro-

mogenic chemosensors. The bathochromic shifts between

the two characteristic kabs values of n and n- (n = 2–7,

i.e., kabs values before and after the addition of F-) are 67,

45, 162, 67, 257, and 58 nm, respectively. Therefore, the

orange red solution of 2 turns purple red in the present F-

as observed in experiment [37]. The red solutions of 5 and

7 turn blue and purple, while the blue green, purple red,

and green solutions of 3, 4, and 6 turn red, yellow green,

and colorless upon addition of F-, respectively.

Table 5 lists the fluorescence wavelengths kfl and the

oscillator strength (f) of 1–7 and their anions in DCM. The

kfl values of 2–7 and their anions have bathochromic shifts

compared with those of the parent compound 1 and its anion

1-, respectively. Hence, all substituents can significantly

affect the fluorescence spectra of the substituted derivative

2–7 and their anions. Furthermore, the f values of 4–6 and

their anions are similar to those of 1 and 1-, whereas the

corresponding values of 2, 3, and 7 and their anions are

larger than those of 1 and 1-, respectively. It indicates that

2, 3, and 7 and their anions correspond to strong fluores-

cence spectra. Thus, one may conclude that the fluorescence

intensity can be increased by introduction of the functional

groups on the parent chemosensor 1. This indicates that the

substituted derivatives 1–7 are promising luminescent

materials for OLEDs as well, particularly for 2, 3, and 7.

Table 4 The absorption (kabs) wavelengths (in nm), oscillator strength f, and assignments (coefficient) for n and n- (n = 1–7) in DCM at the

TD-PBE0/6-31?G(d,p) level, along with available experimental data

n n n-

kabs f Assignment Expa kabs f Assignment Expa

1 483 0.69 H ? L (0.71) 477 544 0.46 H ? L (0.70) 571

2 498 0.97 H ? L (0.71) 485 565 0.66 H ? L (0.70) 585

3 616 1.39 H ? L (0.71) 661 0.99 H ? L (0.71)

4 550 0.57 H ? L (0.71) 712 0.38 H ? L (0.70)

5 531 0.72 H ? L (0.71) 598 0.49 H ? L (0.70)

6 648 0.56 H ? L (0.71) 905 0.36 H ? L (0.70)

7 521 1.28 H ? L (0.71) 579 0.81 H ? L (0.70)

a Experimental results were taken from Ref. [37]

Theor Chem Acc (2012) 131:1260 Page 7 of 10

123



The results displayed in Table 5 and considering the

DGBSSE values indicate that all the substituted derivatives

n (n = 2–7) are expected to be promising candidates for

ratiometric fluorescent fluoride chemosensors. The batho-

chromic shifts between the two characteristic kfl values of

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

F-) are 53, 48, 223, 80, 115, and 41 nm, respectively.

Therefore, the yellow, red, amber, and orange original

emissions of 2, 3, 5, and 7 may be quenched, and new

carmine, cherry, red, and cardinal red emissions appear

upon the addition of F-, respectively. However, the orange

red and cherry original emissions of 4 and 6 turn colorless

in the present F-.

3.5 Charge transfer and stability properties

The calculated absolute hardness and reorganization ener-

gies for hole and electron are listed in Table 6. It is well

known that the lower the reorganization energy values, the

higher the charge transfer rate [48, 49]. The reorganization

energy refers to the whole system formed by donor,

acceptor, and media. The environment (usually a solvent)

plays a major role in the reorganization energy, since the

charge species are generally stabilized in a very different

way by the solvent. To evaluate the impact of solvent

effects on the reorganization energy of 1–7, we have

selected benzene, ether, and tetrahydrofuran (their dielec-

tric constants are 2.247, 4.335, and 7.58, respectively) as

representatives. The calculated results are shown in sup-

plementary Table SXI. These results reveal that different

solvents (both polar and nonpolar) at PCM level used in

this study have slight effects on the ke and kh values of 1–7.

Thus, the solvent effect for investigated system is negli-

gible in this work. The results displayed in Table 6 show

that the calculated ke values of the substituted derivatives

(0.177–0.269 eV) are much smaller than that of tris(8-hy-

droxyquinolinato)aluminum(III) (Alq3) (ke = 0.276 eV), a

typical electron transport material [65]. It indicates that

their electron transfer rates may higher than that of Alq3.

From Table 6, one can find that the smallest ke values in

these derivatives are found in 3 and 6 (ke = 0.164 and

0.177 eV), suggesting that 3 and 6 could be good electron

transfer materials from the standpoint of the ke values. On

the other hand, the kh values of 1–4 and 7 (0.272

–0.362 eV) are larger than that of N,N0-diphenyl-N,N0-
bis(3-methlphenyl)-(1,10-biphenyl)-4,40-diamine (TPD),

which is a typical hole transport material (kh = 0.290 eV)

[63]. The kh values of 5 and 6 are slightly smaller than that

of TPD. It implies that the hole transfer rates of 1–7 might

be lower than that of TPD. Inspection of Table 6 reveals

clearly that the largest reorganization energy in these

derivatives is found in 1 (kh = 0.362 eV, ke = 0.266 eV)

except for ke value of 2, suggesting that the substitution

may decrease the kh and ke. However, the kh values of

substituted derivatives are larger than that of TPD, while

the ke values of substituted derivatives are much smaller

than that of Alq3. It indicates that 1–7 can be used as

promising electron transport materials in the organic light-

emitting diodes (OLEDs) from the standpoint of the

smaller reorganization energy.

As the stability is a useful criterion to evaluate the

nature of devices for charge transport and luminescent

Table 5 The fluorescence (kfl) wavelengths (in nm), oscillator strength f, and assignments (coefficient) for n and n- (n = 1–7) in DCM at the

TD-PBE0/6-31?G(d,p) level, along with available experimental data

n n n-

kfl f Assignment Expa kfl f Assignment Expa

1 566 0.74 H / L (0.71) 531 613 0.44 H / L (0.70) 613

2 592 1.11 H / L (0.71) 545 645 0.69 H / L (0.71) 630

3 698 1.44 H / L (0.71) 746 0.98 H / L (0.71)

4 634 0.61 H / L (0.71) 857 0.21 H / L (0.70)

5 604 0.83 H / L (0.71) 684 0.41 H / L (0.71)

6 741 0.58 H / L (0.71) 856 0.23 H / L ? 1 (0.71)

7 609 1.36 H / L (0.71) 650 0.81 H / L (0.71)

a Experimental results were taken from Ref. [37]

Table 6 The calculated ke, kh, and g (all in eV) of 1–7 at the B3LYP/

6-31G(d,p) level

Compounds kh ke g

1 0.362 0.266 2.504

2 0.346 0.269 2.352

3 0.295 0.164 2.080

4 0.325 0.257 2.299

5 0.272 0.254 2.306

6 0.273 0.177 1.995

7 0.329 0.235 2.252
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materials, to predict the stability of 1–7 from a viewpoint

of molecular orbital theory, the absolute hardness, g, of 1–7

was calculated using operational definitions [79, 80] given

by:

g ¼ 1

2

ol
oN

� �
¼ 1

2

o2E

oN2

� �
¼ IP� EA

2
ð5Þ

where l is the chemical potential and N is the total electron

number. In this work, the values for IP (ionization poten-

tial) and EA (electron affinity) were determined according

to the equation IP = Ecr - Ep and EA = Ep - Ear, where

p, cr, and ar indicate the parent molecule and the corre-

sponding cation and anion radical generated after electron

transfer.

The absolute hardness g is the resistance of the chemical

potential to change in the number of electrons. The results

displayed in Table 6 reveal that the g values of 2–7 are

similar to that of 1, indicating that the stabilities of 2–7 are

equal to that of 1. Furthermore, the electrostatic surface

potentials of investigated molecules were calculated as

shown in Fig. 5. From Fig. 5, one can find that the partial

positive charges are on the hydrogen atoms and/or sulfur

atoms, while very large negative charges are on the oxygen

atoms of diketopyrrolopyrrole rings and/or less negative

charges on the nitrogen atoms for all 1–7. These results

reveal that the substitution effect does not significantly

affect the stability of the substituted derivatives. The above

results show qualitative agreement with the results based

on the absolute hardness.

4 Conclusions

Our calculated results for both the host–guest interaction

and the nature of colorimetric and fluorescent signaling for

1 in the presence of F- are in good agreement with the

reported experimental observations. The host chemosensor

1 has much stronger affinity to F- than to Cl- and Br-

through intermolecular proton transfer, which leads to the

formation of chemosensor anion by F-. The AIM theory

and NBO charge analysis of the complexes consisting of 1

and X- (X = F, Cl, and Br) confirm that the protons are

almost completely abstracted by F-. The FMO analysis has

turned out that the deprotonation increases both ELUMO and

EHOMO values and reduces the Eg values of host chemo-

sensor in both S0 and S1. The study of substituent effects

suggests that all the substituted derivatives are expected to

be promising candidates for ratiometric fluorescent fluoride

chemosensors as well as chromogenic chemosensors. Fur-

thermore, the derivatives 2, 3, and 7 are promising lumi-

nescent materials, while derivatives 1–7 can serve as good

electron transport materials for OLEDs, particularly for 3

and 6.
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