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Abstract: Time-dependent density functional theory (TD-DFT) method was used to
study the excited-state hydrogen bonds between dipyrrolyl derivatives and
fluoride anion (F-). The geometric structures, charge density distribution and
electronic spectra of two dipyrrolyl derivatives and their doubly hydrogen-bonded
complexes with F were calculated by the DFT and TD-DFT methods. The
intermolecular hydrogen bonds in ground states were proposed to be the main
reasons for the gradual spectral shifts in the absorption spectra. The excited-state
proton transfer (ESPT) was used to explain well fluorescence emission features of
their hydrogen-bonded complexes. Furthermore, the radiationless deactivation via
internal conversion (IC), which gives rise to fluorescent quenching of dipyrrolyl
derivatives, could be facilitated by the ESPT process.
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1. Introduction

Hydrogen bonding is a contemporary research interest because of its universal importance
in physics, chemistry, biology and other many branches of science [1-4]. Intermolecular
hydrogen bonding has been recognized to play a fundamental role in molecular and
supramolecular photochemistry [4-9]. Excited-state hydrogen bonds have been investigated
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experimentally and theoretically in some photophysical and photochemical processes of
hydrogen bonding systems [6, 10-18].

Upon photoexcitation of hydrogen-bonded systems, the hydrogen donor and acceptor
molecules reorganize due to the significant difference in the charge distribution of different
electronic states [5, 7, 17-20]. In a number of cases, these reorganizations can strengthen the
intermolecular hydrogen bonding in the electronically excited state and facilitate the
radiationless deactivation, i.e. internal conversion (IC) process[6, 10, 21, 22]. This mechanism
has been used to explain many photophysical processes, such as fluorescence quenching [8,
10, 23, 24], ultrafast internal conversion [6, 23, 25], etc.

Furthermore, more and more attention has been paid to the role played by hydrogen
bond for the design of efficient anion chemosensor. Many neutral organic molecules
containing N-H functional groups represent the most commonly seen anion interacting
moities. It is noted that a m-system bearing an N-H moiety may be an appropriate candidate
for designing anion chemosensors [26-29]. For this kind of receptors, the hydrogen
bond-induced m-electron delocalization or basic anion-induced N-H deprotonation serves as
the signaling output of the anion-receptor interaction [30, 31]. In recent years, many studies
have focused on the mechanism of such processes [4,6, 30, 32].

Recently, pyrrolyl derivatives as anion-binding motif have attracted considerable
attention [9]. Pyrrole is an ideal group for the construction of anion receptors. For example,
Ghosh and Maiya reported that an easy-to-prepare dipyrrolyl derivative endowed with
electron-withdrawing dicyano groups permit the detection of fluoride anion visually and
optically [33, 34]. In particular, pyrrole does not contain an intramolecular hydrogen-bonded
acceptor that could compete with anion recognition. A pyrrole N-H proton has a lessened
dependence on the pH value of the environment. Over the last decades, pyrrole has emerged
as an important structural motif that may be used to construct receptor system capable of
interacting effectively and selectively with a range of anionic substrates in many instances
[33-37]. However, up to now, there have been few theoretical studies on the
hydrogen-bonded interactions of pyrrolyl derivatives with anions and photophysical
properties of these systems.

In this paper, we report a theoretical study on the isolated dipyrrolypyrazine (DPP) and
dipyrrolyldicyanopyrazine (DPDCP) (see Figure 1) as fluorescent chemosensors for fluoride
anion. In particular, we have focused our attention on the mechanism relating to the gradual
spectral shifts and the fluorescence quenching by the hydrogen-bonding interaction between
two chemosensors and fluoride anion in both the ground state and the excited state.
Furthermore, the dipyrrolyl derivative DPDCP endowed with electron-withdrawing
dicyano groups was verified to be more efficient chemosensor for fluoride anion than DPP.



284 B.-Q. Wang et al. / Commun. Comput. Chem., 1 (2013), pp. 282-296
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Figure 1: Molecular structures of DPP and DPDCP.

2. Computational Details

The ground state geometric optimizations of the DPP and DPDCP monomers as well as the
hydrogen-bonded DPP-F- and DPDCP-F- complexes were performed using density
functional theory (DFT) with Becke’s three-parameter hybrid exchange function with
Lee-Yang-Parr gradient-corrected correlation functional (B3LYP functional). The
excited-state electronic structures of all the compounds were calculated using the
time-dependent density functional theory (TD-DFT) method employing B3LYP hybrid
functional, which has been used widely to investigate the excited-state hydrogen bonds [38,
39]. 6-311++G** basis set was nearly optimal for achieving geometry optimizations and
excitation energies in excellent agreement with experimental results [40]. Therefore,
6-311++G** basis set was used in our calculations. No constrains for symmetry, bond lengths,
angles or dihedral angles were applied in the geometry optimization calculations. All the
local minima were confirmed by no imaginary mode from vibrational analysis calculations.

The solvent effect was considered by using the Polarizable Continuum Model (PCM)
model. The ground and excited state geometries were reoptimized at the PCM-
B3LYP/6-311++G** and PCM-TD-B3LYP/6-311++G** level, respectively. Absorption spectra
were calculated within the non-equilibrium limit, and the emission energies were calculated
within the equilibrium limit [41-43]. All the calculations were carried out using Gaussian 09
program package [44].

3. Results and Discussion

3.1 Optimized geometric structures in the ground state

The optimized geometrical structures in the ground state for DPP (1, 2 and 3) and DPDCP
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(I-CN, 2-CN and 3-CN) (see Supporting Information) were obtained at the
B3LYP/6-311++G** level, respectively. These optimized geometrical structures and their
relative energies are shown in Figure SI and Table SI in the Supporting Information.
However, upon the addition of a fluoride anion, only one stable hydrogen-bonded structure
was obtained for both DPP-F- and DPDCP-F-. The most stable structures of monomers and
hydrogen complexes of DPP and DPDCP are shown in Figure 2.

DPDCP \ [ DPDCP-F \

Figure 2: Ground-state geometric structures: a) DPP monomer and DPP-F- complex; b)
DPDCP monomer and DPDCP-F- complex.

Some of the most important structural parameters of monomers and hydrogen
complexes of DPP and DPDCP are shown in Table 1. From Table 1 and Figure 2, one can see
that the most stable conformers of DPP and DPDCP have C2symmetry constraints. The bond
lengths of both the Ni-Hi and N»-H: are 1.008 A in the DPP monomer, which are almost
equal to 1.009 A in DPDCP. Two pyrrolyl rings stick out of the pyrazine plane by the angle of
14.6° in DPP and 12.0° in DPDCP, respectively. Introduction of electron withdrawing

substituent (-CN) has little effect on the geometrical structures in the ground state.

Table 1: The calculated geometric parameters for monomers DPP and DPDCP and
hydrogen-bonded complexes DPP-F- and DPDCP-F- by the DFT and TD-DFT methods at the
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B3LYP/6-311++G** level.

So S1
DPP DPP-F- DPDCP DPDCP-F- DPP DPP-FF DPDCP DPDCP-F-
Bond
Iengths(A)
R(N1,Hi) 1.008  1.070 1.009 1.076 1.012  1.490 1.009 1.513
R(N2,H2) 1.008  1.070 1.009 1.076 1.012 1.014 1.014 1.015
R(H4,F) - 1.478 - 1.445 --- 1.001 --- 0.999
R(Hz, F) --- 1.478 --- 1.445 --- 2.064 --- 1.995
Bond
angles(®)
A(N1,H3,F) --- 174.8 - 176.1 --- 169.2 --- 168.2
A(N2,Hz,F) --- 174.8 --- 176.1 --- 163.3 --- 165.4
Dihedral
angles(®)
D12 14.6 425 12.0 37.9 19.7 64.0 19.0 89.1
D2t 14.6 425 12.0 37.9 19.7 88.6 19.0 59.7

aD1is the angle between left pyrrolyl ring and the pyrazine plane. ® D2 is the angle between right
pyrrolyl ring and the pyrazine plane.

The structure of DPP-F- complex has a Cs symmetry constraint. Compared with the
monomer of DPP, the two bond lengths of Ni-Hi and N»-Hz are lengthened by 0.062 A. Two
pyrrolyl rings stick out of the pyrazine plane by the angle of 42.5°. Furthermore, the bond
lengths of the two intermolecular hydrogen bonds Ni-Hi-F-and Na-Hz--F-are 1.478 A.

Like DPP-F;, DPDCP-F- complex has also a Cs symmetry constraint. Compared with
DPDCP, the bond lengths of Ni-Hi and N»-H: are lengthened by 0.067 A. Two pyrrolyl rings
stick out of the pyrazine plane by the angle of 37.9°.

It should be mentioned that for the DPDCP-F- complex, both the bond lengths of
Hi~Fand Hz-F are shortened by 0.033A compared to the DPP-F- complex, and the
corresponding bond angles Ni-Hi--F-and N2-H»--F- were changed from 174.8° to 176.1°
compared to the DPP-F- complex. These calculated results indicate the intermolecular
hydrogen bonds are strengthened by introducing into two cyano groups in parent molecule
DPP. On the other hand, the angles between two pyrrolyl rings and the pyrazine plane
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decrease by 4.6°. The differences in strength of the intermolecular hydrogen bonds in the
ground state should be responsible for the differences in photophysical properties of
complexes [5].

3.2 Absorption spectra

We have calculated the absorption spectra of monomers and complexes of DPP and DPDCP
at the TD-DFT/B3LYP/6-311++G** level based on the optimized ground-state geometric
structures, and the results are listed in Table 2.

Table 2: The absorption spectra (in nm) and oscillator strengths (in the parentheses) for the
monomers and complexes of DPP and DPDCP in gas-phase were calculated at the
TD-DFT/B3LYP/6-311++G** level. The orbital transitions between orbits and corresponding
contributions are also listed.

DPP DPP -F DPDCP DPDCP -F

S1 384 389 429 470
(0.107) (0.090) (0.108) (0.130)
H—-L H—-L H—L+1 H—-L
(+84%) (+88%) (+77%) (+82%)
S 354 374 423 467
(0.286) (0.025) (0.246) (0.023)
H—L+1 H-1—L H—-L H—L+1
(+85%)  (+95%) (+82%) (+65%)
Ss 316 360 344 410

(0.081) (0.188) (0.119) (0.129)

H-1—-L H—-L+1 H-1—-L+1 H-1—-L+1

(+85%) (+91%) (+91%) (+87%)
HOMO:H, LUMO:L.

For monomer DPP, the absorption maximum can be assigned to the SO—S52 transition at

354 nm with oscillator strength of 0.286, and another strong S0—S1 absorption peak is at 384
nm with oscillator strength of 0.107. For the hydrogen-bonded DPP-F- complex, the
absorption maximum was found to be the S0—S3 transition at 360 nm with oscillator
strength of 0.188, and another strong S0—S1 absorption peak is at 389 nm with oscillator
strength of 0.090. This shows that hydrogen bonding interaction between DPP and F- makes
little contribution to the absorption bands of DPP.

For monomer DPDCP, there are So—S1 and So—S2 absorption peaks located at 429 and
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423 nm with oscillator strength of 0.108 and 0.246, respectively. As for the hydrogen-bonded
DPDCP-F- complex, these two absorption peaks are redshifted by 41 and 44 nm. In addition,
the calculated absorption wavelengths for DPDCP and DPDCP-F- are in agreement with
experimental results (Aabs (nm): DPDCP,427; DPDCP- F-,469) reported by Ghosh and Maiya
[33]. The intermolecular hydrogen bonds between DPDCP and F- cause a considerable
red-shift of the electronic transition of DPDCP.

As mentioned in Section 3.1, introduction of electron-withdrawing groups (-CN) gives
rise to hydrogen bond strengthening in the ground state. The strengthening of hydrogen
bonds should be responsible to the more observable red-shift for electronic spectra of the
DPDCP-F- complex than that of DPP-F-. It has been well recognized that the red-shift of
electronic spectra in most of hydrogen-bonded systems is attributed to the decrease of the
energy gap between the excited and ground states [20, 22, 25]. It is a reasonable deduction
that a stronger hydrogen bond can arouse a larger decrease of the energy gap between the
excited and ground states. Therefore, the energy gap between the excited and ground states
of DPDCP-F- can more significantly decrease than that of DPP-F- because of the stronger
intermolecular hydrogen bond in DPDCP-F-. As a consequence, we estimate that DPDCP is
more suitable to detect F- than DPP, with more obvious color change upon binding with F-
under visual conditions.

3.3 Charge transfer and molecular orbitals (MOs)

In order to gain a deeper insight into the nature of the electronic transition, the frontier
molecular orbitals are presented in Figure 3.

Much more attention should be paid to electron density distribution of HOMOs,
LUMOs, and (LUMO+1)s for monomers and complexes. The electron density distributions
in HOMOs are delocalized. However, the electron density distributions of LUMOs and
(LUMO+1)s are obviously more localized. With the electronic transitions, intramolecular
charge transfer (ICT) can occur from the two pyrrol rings to the pyrazine ring. The hydrogen
bonds between NH group on pyrrol ring and F- can be strengthened in excited states due to
the decrease of electron density on pyrrol ring with the ICT process. The strengthening of
hydrogen bonds in excited states decreases the energy gap between the excited and ground
states and causes the red-shift of electronic spectra. ICT process can also be verified by the
profile of the difference of total electron density (Figure SII) and by the difference of atomic
charges in the ground states and excited states (Table SII) [45, 46].
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Figure 3: Molecular orbitals of the monomers and complexes of DPP and DPDCP.

As can be seen from Figure 3 and Figure SII, besides the pyrazine ring, the -CN groups
accept some of the electron density from the pyrrol rings in DCDCP. Thus, the introduction
of electron withdrawing group (-CN) on the DPP could promote ICT and then strengthen
the hydrogen bonds in the ground state[5, 7, 45-48]. This is why a more significant red-shift
occurs at the DPDCP-F- complex than that at the DPP-F- complex.

3.4 Optimized geometric structures in the first singlet excited state

We have also optimized the first singlet excited-state structures of both the DPP and DPDCP
monomers and the hydrogen-bonded complexes at the TD-DFT/B3LYP/6-311++G** level of
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theory as shown in Figure 4. Some of the most important structural parameters are collected
in Table 1.

a)

DPDCP-F

Figure 4: The first excited-state geometric structures: a) DPP monomer and DPP-F- complex;
b) DPDCP monomer and DPDCP-F- complex.

In going from the ground state to the excited state, the DPP monomer remains a C2
symmetry constraint and both the two bond length of Ni-Hi: and Na-H: are slightly
lengthened by 0.004A. Two pyrrole rings stick out of the pyrazine plane by the angle of 19.7°.
The DPDCP monomer in S state is close to C2 symmetry. Compared with DPP, introduction
of —-CN has little effect on the geometrical structure of DPDCP in S: state.

For the DPP-F- complex, its Cs symmetry is destroyed after excitation to the Si state.
Compared with the So state, the bond length of Ni-Hi is lengthened by 0.420A, whereas the
bond length of N2-Hzis shortened by 0.056A in the Si state. The angle between left pyrrolyl
ring and the pyrazine plane is 64.0°, and the angle between right pyrrolyl ring and the
pyrazine plane is 88.6°. The bond distances of Hi-F and Ho-F are 1.001A and 2.064A,
respectively. The bond distance of Ni-Hiis much longer than N-H covalent bond length
(1.01A), and the bond distance of Hi-F is close to H-F covalent bond length (0.92A).
Obviously, ESPT occurs at the DPP-F- complex. As mentioned above, proton transfer can be

facilitated by the hydrogen bonding interaction in the electronic excited state [32, 49-51].
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As for hydrogen-bonded complex DPDCP-F, its Cs symmetry is also destroyed after
excitation to the Si state. The bond length of Ni-Hi is lengthened by 0.437A, whereas the
bond length of N2-Hzis shortened by 0.061A in the Si state. The angle between left pyrrolyl
ring and the pyrazine plane is 89.1°, and the angle between right pyrrolyl ring and the
pyrazine plane is 59.72.The bond distance of Hi-F is shortened to 0.999 A, which is close to
H-F covalent bond length (0.92A) in a free HF molecule. In both DPP-F- and DPDCP-F,, the
conformational relaxation of S1 geometry involves excited state proton transfer from pyrrolyl
ring to fluoride anion.

3.5 Fluorescence emission

The emission energies of DPP, DPDCP and the corresponding hydrogen-bonded complexes
are calculated by the TD-DFT/B3LYP/6-311++G** method based on the excited-state
optimized geometric structures (see Table 3).

Table 3: The calculated electronic emission energies (in eV) of S1—S0 transitions for the DPP
and DPDCP monomers and the corresponding hydrogen-bonded complexes in gas-phase
obtained by TD-DFT/B3LYP/6-311++G** method.

DPP DPP-F DPDCP  DPDCP-F

S1—5o0 2.73 1.36 2.32 0.63

For the hydrogen-bonded complex of DPD, after relaxation of the S1 excited state, the S1
—Sotransition energy decreases significantly. The calculated emission energies of DPP and
DPP-F- are 2.73eV and 1.36eV, respectively. This means that the ESPT process can cause the
decrease of the energy gap between the S1 and So states.

For DPDCEP, the calculated emission band of the S1—So transition is at 535 nm (2.32 eV),
which is consistent with the experimental result that DPDCP was found to show
fluorescence (Aem(nm):541(0.41))[33]. In DPDCP-F,, the energy gap between the S1 and So
states is significantly lowered to 0.63 eV from 2.32 eV of DPDCP. According to the energy
gap law, the probability of internal conversion (IC) between two electronic states is inversely
proportional to the energy gap between the two states. With the ESPT process, the energy
gap between the S1 and So states of DPDCP decreases significantly and the radiationless
deactivation via IC becomes the main dissipative channel. This causes that the quantum
yield of excited-state deactivation via fluorescence is decreased and the fluorescence
emission at 541 nm quenches for DPDCP. In other words, the radiationless deactivation via
IC can be significantly facilitated by ESPT process. The theoretical result is verified in some
photophysical and photochemical processes of hydrogen bonding systems [4, 6, 23, 25, 52].
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Since many fluorescent chemosensors can recognize fluoride anion through
hydrogen-bonding interactions, the ESPT may play an important role for designing new

types of fluorescent chemosensors.
3.6 Solvent effects on the electronic spectra

Solvent effects on the absorption and emission spectra are shown in Table 4. As can be seen
from Table 4, the absorption spectra of these four systems are very sensitive to the CH2Cl2
solvent, and large red-shifts of absorption spectra for DPP-F- and DPDCP-F- have been
observed from the gas phase to the CH2Cl2 solution. In addition, the first absorption band of
DPP-F- is noticeably red-shifted by 20 nm for DPP-F- and by 38 nm for DPDCP-F- due to
hydrogen bonding in the CH2Cl2 solvent. Moreover, in the PCM model with CH2Cl2 solvent,
the red-shift of the first absorption caused by hydrogen bond in DPDCP-F- was calculated to
be 38 nm, which is in a good agreement with 42 nm from experiments [33]. Consequently,
although the calculations with the PCM model of solvation systematically underestimated
the absolute values of electronic transition energy, they are successful to predict the relative
energies of electronic transition, such as the red-shift of absorption spectra by hydrogen
bond in DPDCP-F-.

Table 4: The calculated absorption wavelengths (Aabs in nm) and emission energies (in eV)

for the DPP and DPDCP monomers and the corresponding hydrogen-bonded complexes in
gas phase as well as dichloromethane (CH:Clz) solvent at the TD-DFT/B3LYP/6-311++G**
level.

DPP DPP-F- DPDCP DPDCP-F

Gas CH:Cl2 Gas CH:Cl2 Gas CH:Clz2 Gas CH:CL2

Absorption
So—~S1 384 396 389 416 429 496 470 534
Emission
S1—~So 2.73 2.45 1.36 0.48 2.32 1.71 0.63 ——

As shown in Table 4, the emission energies are also very sensitive to the CH2Cl2 solvent.
The emission energies decreased by 0.28 eV for DPP and 0.88 eV for DPP-F- from the gas
phase to the solvent, respectively. The emission energy of DPDCP decreased by 0.61 eV from
the gas phase to the solvent. It is reasonable to suppose that the emission energy of
DPDCP-F- would decrease in CH2Clz2 solvent. That means that the conclusion that the
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radiationless deactivation via IC can be significantly facilitated by ESPT process for
DPDCP-F- is still proper in CH2Cl2 solvent.

4. Conclusions

In conclusion, we have calculated the geometric conformations and electronic spectra of the
isolated DPP and DPDCP molecules as well as hydrogen-bonded DPP-F- and DPDCP-F-
complexes in both the ground state So and the first singlet excited state Si, respectively.

For DPDCP-F;, the intermolecular hydrogen bonds are strengthened by introducing into
two cyano groups in parent molecule DPP. The strengthening of the intermolecular
hydrogen bonds gives rise to a more pronounced red-shift for absorption spectra of the
DPDCP-F- complex than that of DPP-F-. Thus, DPDCP is more suitable to detect F- than DPP,
with more obvious color change upon binding with F-under visual conditions.

After photoexcitation, a considerable ESPT process between pyrrole and F- occurs in
both DPDCP-F-and DPP-F-, which can significantly lower the energy gap between the S: and
So states and facilitate the radiationless deactivation of the electronically excited state via
internal conversion (IC). As a result, ESPT plays an important role for the fluorescence
quenching in DPDCP-F-.
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