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Based on the density functional theory and time-dependent density functional theory, we have investigated the
zwitterionic structure of the excited 4-([2,2′-bipyridine]-4-yl) phenol (bpy-phenol) photoacid molecules. The
zwitterion can be formed stepwisely via a proton-coupled electron transfer (PCET) reaction in a H-bonded
bpy-phenol…F− complex and an intermolecular excited state proton transfer (ESPT) reaction between HF mol-
ecules and excited deprotonated anions of bpy-phenol. Supported by the results of Hirshfeld population analysis
and electrostatic potential, a basic site was generated in the bpy residue due to the PCET process. With a proper
F− ions concentration, the ESPT reaction can be occurred with little barrier between the HF molecules and the
bpy-phenol anions, leading to the generation of zwitterions. Moreover, the zwitterion fluoresces at 550 nm,
which is longer than that of bpy-phenol anions at 490 nm. Our finding not only discovers the zwitterionic process
of photoacid molecules, but also pioneers a frontier field of activity study after PCET reactions.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Proton-coupled electron transfer (PCET) reactions existwidely in ac-
tivities of biology and chemistry, such as photosynthesis, respiration
and solar fuel cells [1–4]. According to previous studies, themechanism
of PCET could be as that protons and electrons transfer concertedly or
stepwisely [5]. PCET reactions are sensitive to electronic structures of
molecules and usually have close relations with H-bonds [6–8]. In gen-
eral, the overall strength of H-bondswill be enhancedorweakened after
optical excitation, resulting in photophysical and photochemical
changes, such as intramolecular charge transfer (ICT), photo-induced
electron transfer (PET), fluorescence resonance energy transfer
(FRET), excited state proton transfer (ESTP), etc. [9–15] H-bonds often
provide pre-set pathways for intermolecular ESPT, a common phenom-
enon in photoacid-base H-bonding complexes [11,13,16]. Photoacids
own greater ability to provide protons after absorbing photons. How-
ever, some photoacids not only have acidic sites to be deprotonated
but also have basic sites to be protonated [17–18]. Within such kind of
photoacids, besides intermolecular ESPT, ICT can also occur. As such,
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PCET in a photoacid-base complex is featured by an intermolecular
ESPT following an ICT within hundreds of femtoseconds, which makes
the complex stay in a state of charge separation [19]. The nature of
this charge separation is the spirit of photosynthesis. However, few
studies focus on the events after the PCET charge separation process, al-
though they are important in the biological and material fields.

Charge-separation configurations after PCET, known as zwitterions,
are ubiquitous in chemical and biological processes [20–22]. Some
amino acids and neurotransmitters have no net charge at physiological
conditions, but they exist as zwitterionswith the carboxyl deprotonated
and one of the nitrogen atoms protonated [23]. Due to favorable
noncovalent interactions, the zwitterionic structures are also crucial
for self-assembly and design of conductive materials [24]. The proto-
types of these zwitterions share one common feature that the acidic
site and the basic site are located in the same molecule but at opposite
positions. However, the zwitterionic forms of photoacids with both
acidic sites and basic sites have received relatively little attention. It is
therefore interesting andnecessary to extend the studies on the capabil-
ities and characteristics of the photoacids in their zwitterionic forms, ex-
cept the common features such as proton pumps and fluorescent
indicators.

Recently, a new synthetic photoacid, 4-([2,2′-bipyridine]-4-yl) phe-
nol, has been reported by Sandeep Verma et al. [18] This photoacid is a
typical phenol derivative with both acidic and basic sites, and can also
be viewed as an analogue of tyrosine. For simplicity, we termed it as
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Fig. 1. Schematic illustration of bpy-phenol in the form of (a) neutral, (b) complex, (c) anion and (d) zwitterion.
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bpy-phenol below. It can be used as anion probes, especially for F− an-
ions. In the above-mentioned work, photoexcitation of the bpy-phenol
molecule led to a PCET reaction including an ICT from phenol to the
bpy residue and a proton transfer from the phenol to the F− ion. The
timescales of ESPT was 150 femtoseconds, indicating a strong H-
bonding effect between the phenol hydroxyl and the base F− ion [25].
However, the fluorescent phenomena in this experiment were unique.
The three emission bands peaking at 400, 490 and 550 nm were
assigned to the neutral, deprotonated anionic and H-bonding complex
form of bpy-phenol, respectively. According to the H-bonding effects
on spectra, it is uncommon for the H-bonding complex to emit a
lower energy photon than the anionic one [8,14,26–27]. Such a rare ex-
perimental result means that there is lying something undetected for
the bpy-phenol molecule after the PCET reaction, which deserves fur-
ther investigation.

In this work, density functional theory (DFT), time-dependent DFT
[28] (TDDFT) and wave function analysis [29] (WFA) methods have
been used to explore the unclear fluorescent mechanism of the newly
synthesized bpy-phenol molecule. Results from Hirshfeld population
analysis [30] (HPA), the calculated electrostatic potential [31] (ESP), po-
tential energy surfaces (PESs) and absorption and emission spectra, all
Table 1
Primary bond length (Å), dihedral angle (°) and relative energy (kcal/mol) of the neutral and z
relative to the S0 state of the neutral form, only including the neutral and zwitterion of bpy-ph

Electronic state Neutral Complex

S0 S1 S0 S

H-bond – – 1.252 1
H1-O2 0.966 0.971 1.097 1
O2-C3 1.358 1.332 1.321 1
C5-C6 1.482 1.403 1.478 1
C8-C9 1.494 1.492 1.494 1
δ(C4-C5-C6-C7) −33.1 −0.5 −30.9 −
δ(C7-C8-C9-C10) −34.1 −33.4 −35.2 −
E 0.0 93.7 – –
evidenced and supported that a bpy-phenol zwitterion has been gener-
ated after the PCET reaction, which, instead of the H-bonding complex,
is responsible for the emission band centering around 550 nm.

2. Computational details

All theoretical calculations were performed by dispersion-corrected
[32] DFT and TDDFT methods and carried out in Gaussian 16 program
suite [33]. The HPA and ESP results were obtained via Multiwfn suite
[34]. All themolecular geometries in the ground S0 state and the excited
S1 state were fully optimized without any constraints at the level of
M06-2X [35] /6-311 + G** [36] and TD-M06-2X/6-311 + G**, respec-
tively. Vibrational frequency calculations have been used to analyze
the optimized structures to conform that these structures corresponded
to the local minima with no imaginary frequency. The excited-state
PESs along two proton transfer coordinates were obtained at TD-M06-
2X/TZVP [37] level. The absorption and emission spectra were calcu-
lated by TD-PBE0 [38] method with TZVP basis set. In all the calcula-
tions, the acetonitrile solvent was selected and performed with the
continuum solvation model based on solute electron density (SMD)
method [39].
witterion of bpy-phenol in the S0 and S1 states. δ: dihedral angle. E: the amount of energy
enol due to the same numbers of atoms. Atom labels are marked in Fig. 1.

Anion Zwitterion

1 S0 S1 S0 S1

.016 – – – –

.365 – – – –

.274 1.266 1.245 1.252 1.243

.421 1.468 1.439 1.454 1.436

.486 1.495 1.467 1.485 1.452
0.5 −26.1 −13.8 −28.7 −14.4
26.4 −35.1 −14.7 9.6 0.0

– – 8.8 69.5



Table 2
Hirshfeld charge distribution on primary atoms and the molecular dipole moment in S0
and S1 states for neutral, complex and anionic bpy-phenol. Q: quantity of electric charge.
D: dipole moment.

State Neutral Complex Anion

S0 S1 S0 S1 S0 S1

Q (F−) – – −0.572 −0.389 – –
Q (1–2) −0.01 0.068 −0.232 −0.180 −0.501 −0.372
Q (3–5) 0.007 0.113 −0.038 0.059 −0.124 0.043
Q (6–10) 0.001 −0.089 −0.009 −0.143 −0.033 −0.181
Q (11–12) −0.399 −0.455 −0.406 −0.492 −0.419 −0.512
D 1.497 4.380 9.829 4.485 7.140 1.602

Fig. 2. Hole-electron transition for neutral, complex and anionic bpy-phenol. Electrons are excited from hole to electron. Yellow: holes. Red: electrons.
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3. Results and discussion

3.1. Geometric structures in the S0 and S1 states

The optimized structures in S0 state of neutral, H-bonding complex,
anionic and zwitterion of bpy-phenol are presented in Fig. 1. The corre-
sponding changes in structural parameters from S0 to S1 state are sum-
marized in Table 1. As seen, the bond H1-O2 in S1 state is lengthened;
especially for the complex, with an increment of 0.268 Å when com-
pared with that in S0 state. Meanwhile, in the S1 state, the length of
O2-C3, C5-C6 and C8-C9 are all shortened and the dihedral angles δ(C4-
C5-C6-C7) and δ(C7-C8-C9-C10) become smaller. This clearly shows
that, the geometrical configurations become more compact and copla-
nar upon photoexcitation. Besides, being shortened by 0.236 Å, the in-
termolecular H-bond in the complex becomes strengthened after the
molecule is pumped to the excited state. Comparing to the relative en-
ergy between the neutral and zwitterion, the S1 state of zwitterion is
more stable than the S1 state of neutral form. This indicates that the ex-
cited neutral bpy-phenol can be a precursor for the zwitterion, which
will be described below.

3.2. Hirshfeld charge population in S0 and S1 states

An acidic site and a basic site are prerequisites for generating the
zwitterion [40]. In bpy-phenol, the acidic site is the phenol hydroxyl,
which is definite due to the unique structures of photoacids. To figure
out the basic site, the charge distribution in the S0 and S1 states was
studied qualitatively and quantitatively through electronic transition
and HPA, respectively. Fig. 2 shows the electronic transition from S0 to
S1 state, where the yellow area, named hole, represents the distribution
of electrons that to be excited, and the red region called electron stands
for the distribution of electrons that have been excited. As we can see,
there exists electron transfer from phenol residue to bi-pyridine resi-
due. Very likely, the basic site should exist in the bi-pyridine residue.
For further confirmation, theHPAwas applied to quantitatively describe
the variation of charge population and the corresponding results are
presented in Table 2. To facilitate the statements, we take Q (1–2) as
the sumquantity of the charges on atomH1 and O2. Similar conventions
are applied for Q (3–5), Q (6–10) and Q (11–12). There are at least four
features that can be seen from Table 2. First, after photo-absorption, Q
(1–2) and Q (3–5) are getting more positive while Q (6–10) and Q
(11–12) are getting more negative, suggesting that charges transfer
from phenol residue to bi-pyridine residue. Second, Q (11–12) is the
most negative, indicating a potential basic site could be existed near
the two N atoms. Third, from the neutral form to the anionic form in
S1 state, with the proton gradually transferring away from phenol resi-
due, the Q (11–12) also gets more and more negative, reflecting the in-
herent nature of PCET mechanism. Fourth, after excitation, the
molecular dipole moment of the neutral bpy-phenol gets larger,
whereas the corresponding values in complex and anionic forms be-
come smaller. This difference originates from the different charge pop-
ulations. Compared with the neutral bpy-phenol, the deprotonated
anion and H-bonding complex both have one net negative charge.
And the net negative charge mainly distributes near the O2 atom and
the F− ion in S0 states, but transferred to their bpy residues in S1 states.
This kind of CT caused by optical excitation makes the dipole moments
of the deprotonated anion and the H-bonding complex become smaller.
However, with no net charge in the neutral bpy-phenol, the phenol hy-
droxyl becomes more positive and the two N atoms becomemore neg-
ative after being excited, making the dipole moment of the neutral one
turn larger. The charge transfer characteristics are in accordance with
the geometrical changes shown in the above section. That is to say,
the electron density decreases when the bond lengths become longer
while it increases when the bond lengths and dihedral angles become
shorter and smaller. In order to exactly determine the position of the
basic site, in the following section, the ESP method is used to quantita-
tively measure the molecule's capability of being protonated.

3.3. Electrostatic potential on the van der Waals surface

To further confirm the basic site, we calculate the ESP on the Van der
Waals surface in the S0 and S1 states. ESP is of vital importance to



Fig. 3. Electrostatic potential (ESP) on the Van der Waals surface. Rows from top to bottom are S1 and S0 states. Columns from left to right are neutral, complex and anionic bpy-phenol.
Maximum points are marked by red and minimum points are marked by blue.

51G. Ren et al. / Journal of Molecular Liquids 264 (2018) 48–53
determine the reactivity between twomolecules [41]. In Fig. 3, some ex-
treme points of ESP on the surface are markedwith their corresponding
values at the fully optimized S0 and S1 geometries. It shows that, after
optical excitation, the ESP becomes more positive in the phenol part
and more negative in the bi-pyridine part, which is consistent with
the Hirshfeld charge distribution. In every form of bpy-phenol, the
global minimum of ESP is near the N12 atom in S1 state. Besides,
among these global minimum points in all the forms of bpy-phenol,
the site near N12 atom of the anionic bpy-phenol in S1 state gets the
most negative ESP value with a scale of −144.22 kcal/mol. This fact in-
dicates that after the PCET process in the complex, the most basic site
has transformed from the F− ion to the N12 atom. And the zwitterion
can be generated if the basic site at N12 atom could be protonated.

3.4. Potential energy surface for the proton transfer

According to the absorption spectra and the PCET results in the ex-
perimental work [18], there existed HF molecules in solution. In order
Fig. 4. Potential energy surface (PES) for the zwitterion reaction. Inset is the g
to verify that the zwitterion of bpy-phenol can be generatedwith the as-
sistance of HFmolecules,we have calculated and constructed the PES on
proton transfer along two reaction coordinates: one is the O2-H1 coordi-
nate and the other is the N3-H4 coordinate. The geometry for this PES is
shown in the inset of Fig. 4. As indicated by Fig. 4, the proton transferred
along theO2-H1 coordinate fromphenol hydroxyl to the F− anion freely,
which is in agreement with the ultrafast PCET process. Then, via N3-H4

coordinate, it is overwhelming for the proton transfer from the HFmol-
ecule to the N12 atom. This result approves that after the first proton
transfer, the PCET reaction, the charge accumulated N12 atom in the an-
ionic bpy-phenol has enough power to attract the proton from HFmol-
ecule to generate the more stable zwitterion of bpy-phenol. Therefore,
the two stepwise ESPT processes reflected by the PES indicate that the
deprotonated anion is a precursor for generating the zwitterion of
bpy-phenol, which is further proved by the results from the same calcu-
lations on the methylated bpy-phenol (in Fig. S1). In addition, solvent
influences on the zwitterions is investigated, and the corresponding re-
sults are shown in Fig. S2, demonstrating that solventswith large values
eometry for the protons transfer along the O2-H1 and N3-H4 coordinates.



Table 3
The detailed theoretical and experimental spectra data for the forms of neutral, complex,
anion and zwitterion of bpy-phenol.

Electronic
transition

Wavelength
(nm)

fa Contribb CIc Expd

(nm)

Neutral
Absorption S0 → S1 294 0.5818 H → L 0.94 282
Emission S1 → S0 375 0.9837 L → H 0.98 400

Complex
Absorption S0 → S1 332 0.4843 H → L 0.97 330
Emission S1 → S0 413 0.7128 L → H 0.98 –

Anion
Absorption S0 → S1 397 0.3871 H → L 0.98 390
Emission S1 → S0 491 0.3725 L → H 0.99 490

Zwitterion
Absorption – – – – – –
Emission S1 → S0 557 0.6917 L → H 0.99 550

a Oscillator strength.
b H, highest occupied molecular orbital (HOMO) and L, lowest unoccupied molecular

orbital (LUMO).
c The CI coefficients in absolute values.
d The experimental spectra data from Ref. 18.
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of dielectric constant favor the generation of the zwitterionic bpy-
phenol.

3.5. Absorption and fluorescence spectra

In order to choose one appropriate method to calculate the spectra
of bpy-phenol, some different functionals, including PBE0, M06-2X,
B3LYP [42], CAM-B3LYP [43], ωB97XD [44] and LC-ωPBE [45], have
been testedwith the same TZVP basis set [46–47]. These results are pre-
sented in Table S1 in Supporting information. Among these functionals,
the PBE0 results fit well with the experimental results. Table 3 lists the
detailed spectral data of all the various forms of bpy-phenol that ob-
tained by TD-PBE0/TZVP method and by the experiments. The neutral
molecule absorbed at ~294 nm and emitted at ~375 nm. And both ab-
sorption and fluorescence bands of the anion display a red shift relative
to the neutral ones, for the proton has transferred to the F− ion. The ab-
sorption and emission peaks of the H-bonded bpy-phenol are located at
332 nm and 413 nm, lying between those of neutral molecules and
Fig. 5. Simulated absorption and emission spectrawith time-dependent PBE0method. The
absorption bandswere describedwith solid line and the emission bandswere shownwith
short dash line. The neutral, H-bonding complex and anionic form of bpy-phenol were
colored by yellow, green and blue, respectively. The emission band of zwitterion colored
by red was marked with the simulated value and the corresponding experimental result
was listed in parentheses. All the geometries mentioned above have been presented in
Fig. 1.
anions, in agreement with the facts that the proton has partially trans-
ferred to the F− ion in the H-bonded complex. Notably, the calculated
fluorescence spectra of zwitterions peaked at 557 nm, which is consis-
tent with the experimental results (~550 nm). The lifetimes of the
fourmolecules have also been calculated and comparedwith the exper-
imental lifetime values in Table S2, showing a reasonable accordance. In
addition, the deviations between calculations and experiments in spec-
tra and lifetimes could be resulted from systematic errors including the
incompleteness of calculation methods and solvation model. Based on
these consequences, the H-bonding complex is likely to lead a PCET re-
action rather than emit a photon. This may explain why there was no
trace of the fluorescence band of the complex in experiments. Fig. 5
shows the simulated absorption and emission spectra with the PBE0
functional. One thingworthmention here is that we find the generation
of zwitterions is favored in solution with a proper F− concentration.
With excess F− ions, F−HF− complex can be formed, whose capability
of attracting protons is larger than that of N12. Thus, it becomes harder
for N12 atom to be protonated and formation of zwitterions will be
inhibited under the condition of excess F- ions. The experimental results
agree with our predictions [18].

4. Conclusions

By applying DFT and TDDFT methods to study the new synthetic
photoacidmolecule bpy-phenol, we found that, induced by the PCET re-
action between the bpy-phenol and F− ion, a basic sitewas created near
the N atom in the bpy residue. The basic site can be further protonated
via accepting proton from the HFmolecule to finally generate the zwit-
terion of bpy-phenol. This zwitterion has a fluorescence bandpeaking at
a wavelength of 550 nm longer than that of the neutral, anion, and H-
bonding form. This finding might open a new perspective in the design
of zwitterionic materials through photoacids and PCET reactions.
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