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Responsive mechanism and coordination mode effect of a
bipyridine-based two-photon fluorescent probe for zinc ion∗
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The properties of one-photon absorption (OPA), emission and two-photon absorption (TPA) of a bipyridine-based zinc
ion probe are investigated employing the density functional theory in combination with response functions. The responsive
mechanism and coordination mode effect are explored. The structural fluctuation is illustrated by molecular dynamics
simulation. The calculated OPA and emission wavelengths of the probe are consistent with the experimental data. It is
found that the red-shift of OPA wavelength and the enhancement of TPA intensity are induced by the increased intra-
molecular charge transfer mechanism upon metal binding. The structural fluctuation could result in the blue-shift of TPA
wavelength and the decrease of the TPA cross section. The TPA properties are quite different among the zinc complexes
with different coordination modes. The TPA wavelength of the complexes with two ligands is close to that of the probe,
which is in agreement with the experimental observation.
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1. Introduction
In recent years, various kinds of two-photon (TP) flu-

orescent probes have been developed because of their im-
portant applications in TP fluorescence microscopy.[1–4] In
comparison with one-photon microscopy, TP fluorescence mi-
croscopy could increase penetration depth, lower tissue auto-
fluorescence and self-absorption, and reduce photon-damage
and photo-bleaching. Therefore, TP fluorescence microscopy
has become a critical tool in imaging of living cells and tis-
sues and TP fluorescent probes has been extensively used
to detect cation and anion ions,[5–8] pH values,[9,10] small
molecules,[11,12] DNA,[13] and so on. The zinc ion is an im-
portant element in living body and takes part in many bio-
logical processes.[14–16] To detect the distributions of the zinc
ions in the living systems is highly required. A number of
turn-on or ratiometric TP probes for zinc ion detection have
been synthesized and their bio-imaging applications have been
explored.[5–7]

In contrast to plenty of experimental work, the theoret-
ical study on the TP zinc ion probe is still very scarce in
the literature.[17–24] Ren and co-workers studied a series of
TP zinc ion probes based on the intramolecular charge trans-
fer (ICT)[17–19] and photo-induced electron transfer (PET)
mechanism.[20] The natural bond orbital (NBO) analysis was
used to explore the ICT mechanism and the characteristics of
molecular orbitals were calculated to illustrate the PET mech-
anism. Bednarska et al. elucidated the sensing mechanism for
a bipyridine-centered ratiometric zinc ions probe employing
the quantum chemical method in combination with molecular

dynamics (MD) simulations.[21] The structures of the probe
in water were obtained by a force-field MD approach. The
average linear and nonlinear optical properties were calcu-
lated. In our previous work, the responsive mechanism of
several TP zinc ion probes was investigated[22,23] and some
new zinc ion probes were designed based on the structure-
property relationships.[22] Special emphasis was placed on the
effects of isomerism and coordination mode on the optical
properties.[24]

Recently, Li et al.[25] synthesized a ratiometric TP fluo-
rescence probe for sensing of zinc ions. The two-photon ab-
sorption (TPA) cross section of the probe is high and increases
after coordination with the Zn2+. In order to understand the
response mechanism of the probe, we perform a theoretical
study on the one-photon absorption (OPA), emission and TPA
properties of the probe before and after combination with the
Zn2+ using density functional theory (DFT). The experiment
molecular structures are analyzed by a potential energy surface
scan. For a probe in solution at room temperature, the struc-
tural fluctuation and coordination mode effect are highly re-
quired to take into account. In this work, the structural fluctua-
tion is illustrated by MD simulation and the structure-property
relationship is examined. Besides, several coordination modes
are considered and the effects on TPA properties are further
explored at length. To the best of our knowledge, the coor-
dination mode effects have not been investigated theoretically
for TP metal ion sensors by other research groups. Our study
will provide a good understanding of the experiment results
for TP zinc ion probes.
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2. Computational method
In this study, the expressions for one- and two-photon ab-

sorption processes are the same as our previous work, such as
the ones given in Refs. [22,26]. The TPA cross section can
be obtained by calculating the individual TP transition ma-
trix elements[27] and the matrix elements can be calculated
through the single residues of the quadratic response func-
tion in response theory.[28] The calculation details are as fol-
lows. The optimization of ground state geometries is per-
formed by using DFT with the 6-31G(d,p) basis set and the
B3LYP hybrid functional. The OPA properties are computed
by the time-dependent DFT (TD-DFT) approach at the CAM-
B3LYP level with the 6-31G(d) basis set. The first excited
state geometry and fluorescence properties are calculated us-
ing TD-DFT at the same level. All of the calculations men-
tioned above are carried out in the Gaussian 16 program.[29]

The response theory which is embedded in the Dalton 2013
package[30] is employed for computing the TPA transition ma-
trix and the CAM-B3LYP functional with the 6-31G(d) basis
set are used. Moreover, the effect of the methanol solvent is
taken into account implicitly using the polarizable continuum
model in both Gaussian and Dalton calculations.

In the MD simulations, all of the parameters of molec-
ular force field are taken from the general Amber force field
(GAFF)[31,32] in the Amber 14 package.[33] As our previous
work,[34,35] the partial atomic charges are obtained by fitting
the electrostatic potential from the Hartree-Fock 6-31G(d) cal-
culations for the probe and the solvent molecule. One probe
and 1000 methanol molecules are contained in a simulation
box. The simulations are performed by the Gromacs[36] pro-
gram with a time step of 1fs and the Berendsen barostat and
thermostat are used.

3. Results and discussion
3.1. The experiment molecular structure

The chemical structure of the probe, named as A, is
shown in Fig. 1. The probe is composed of a dipyridyl center
(electron acceptor) and two methyl and benzene end groups
(electron donors), which constitute a donor-π-acceptor-π-

donor type. It has been reported that the probe A has an iso-
mer B where two N atoms are on the same side of the sin-
gle bond. The AZn and BZn are the corresponding neutral
zinc complexes. The optimized geometries of two isomers
(A and B) and their zinc complexes (AZn and BZn) are pre-
sented in Fig. 2. No imaginary frequency is found in the fre-
quency calculations. The results show that the energy of the
B is 4.57 kcal/mol higher than that of the A and the energy of
the AZn is 21.13 kcal/mol higher than that of the BZn. The
backbones of the A and BZn have good planarity and the two
pyridine rings in the center lie practically on the same plane.
The related dihedral angles are nearly zero, as shown in Fig. 2.
However, the B and AZn have nonplanar structures and the di-
hedral angles between the two pyridine rings are −27.6◦ and
6.657◦, respectively. The bond length between the N atom and
the Zn2+ ion is about 2.1 Å, which is similar to the value in the
crystal structure.[37]

The energies of a set of the structures with different di-
hedral angles between the central two pyridine rings are cal-
culated and the energy curves are shown in Fig. 3. From
Fig. 3(a), it can be seen that the energy is the lowest when
the dihedral angle is 180◦, as the structure of the A. When the
dihedral angle is 100◦, the energy comes to a maximum point.
From 180◦ to 100◦, a barrier of 7.79 kcal/mol is needed, which
means it is easy to overcome at room temperature. Then, there
is a local energy minimum point at around 40◦. Therefore, the
A and B can be converted to each other in solution. For the
zinc complexes, the case is different. One can see that from
the AZn to BZn, as shown in Fig. 3(b), there is nearly no en-
ergy barrier, and then the the AZn structure can convert to the
BZn directly.

A B

AZn BZn

Fig. 1. Chemical structures of the molecules (A and B) and their correspond-
ing zinc complexes.

∠1234=0.073O ∠1234=-27.600O

∠1234=6.657O

A B

AZn BZn

∠1234=-1.103O

Fig. 2. Optimized geometries of the molecules (A and B) and their corresponding zinc complexes.
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Fig. 3. Energy curves from the A to B (a) and from the AZn to BZn (b).

In quantum chemical calculations, the temperature effects
usually are not considered. For a molecule in solution at room
temperature, the structural fluctuation becomes possible. In
some cases, the structural fluctuation could produce important
effects on spectra.[35] It is easy to find that the probe A has a
very flexible structure because the dihedral angle between the
two pyridine rings could be changed. We take the probe A as
the initial conformation. Figure 4 gives the evolution of the
dihedral angle ϕ during the 2–5 ns MD simulation. One can
see that the angle ϕ experiences considerable changes in the
range from 180◦ to 120◦. At most of the time, the angle ϕ

fluctuated between 180◦ and 140◦. When we take the isomer
B as the initial conformation, the isomer B is turned into the
probe A very quickly.
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Fig. 4. Dihedral angle ϕ during 2–5 ns simulation.

3.2. One-photon absorption and emission properties

The experimental linear absorption and emission wave-
lengths of the probe A are located at around 360 nm and
465 nm. After coordinating with the Zn2+ ions, the absorp-
tion wavelength shifts to 400 nm and the emission wavelength
is observed at 550 nm.[25]

Table 1 gives the calculated OPA wavelength λop, os-
cillator strength fop, and transition nature of all the studied
molecules. It shows that λop of the probe A is located at
368 nm, which is in good agreement with the value of the ex-
periment. When the molecule binds to zinc ions, λop of the
AZn is red-shifted to 381 nm. In comparison with A, λop of
the isomer B is blue-shifted a little and the value is 355 nm.
This is probably because the isomer B has a nonplanar struc-
ture. λop of the BZn is 389 nm, which is also consistent with
the experimental observations. One can notice that upon the
Zn2+ binding, λop of the first excited state has a red-shift for
the probes A and B. The red-shifts of the AZn and BZn are
equal to 13 nm and 34 nm, respectively. The transition nature
shows that the transition between the ground state (S0) and the
first excited state (S1) produces the OPA peaks and the transi-
tion from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) has the most
contribution.

The geometry for the first excited state has been op-
timized by the TD-DFT method at B3LYP level with 6-
31G(d,p) basis set in methanol solvent. The obtained fluo-
rescence emission wavelength λem, corresponding oscillator
strength fem, and transition nature are also given in Table 1.
λem of the probe A is 462 nm, which is in a good agreement
with the value of experiment 465 nm. From free ligand to zinc
complex, λem of the AZn is shifted to 486 nm. The difference
of emission wavelength between the AZn and A is 24 nm. As
for the B and BZn, the difference is larger, and the values come
to 32 nm. In comparison with λop, λem for all of the molecules
are also red-shifted greatly (nearly 100 nm). This large Stokes
shift is good for reducing the interference of absorption and
emission spectra, thereby improving the sensitivity and accu-
racy of the detection.

In the experiment of TPA-induced fluorescent, the near-
infrared laser is often employed as the excitation source. Its
wavelength is near to two times of the OPA wavelength. The
TPA-induced fluorescence intensity has a linear dependence
on the square of the excitation intensity, which can be used
to confirm that the spectra are mainly produced by the TPA
process. Although TPA has different selection rules with re-
spect to OPA, the TPA-induced fluorescent process is usually
the same as the OPA-induced fluorescent process according to
Kasha’s rule. The probe we studied is a ratiometric TP probe
for zinc ion. For the ratiometric probe, the fluorescence quan-
tum yield usually has considerable values (> 0.5) before and
after combination with metal ions.
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Table 1. One-photon absorption and emission properties of the molecules.

Mol. λop/nm fop Transition nature λem/nm fem Transition nature
A 368(360)a) 2.83 S0–S1 H–L(85%) 462(465)a) 2.99 S1–S0 H–L(89%)

AZn 381 2.58 S0–S1 H–L(84%) 486 2.78 S1–S0 H–L(89%)
B 355 2.86 S0–S1 H–L(85%) 459 3.00 S1–S0 H–L(85%)

BZn 389(400)a) 2.53 S0–S1 H–L(87%) 491(550)a) 2.74 S1–S0 H–L(85%)
a)from Ref. [25].

3.3. Two-photon absorption

The TPA wavelength λtp and cross section σ of the six
lowest excited states are presented in Table 2. The simulated
TPA spectra with Lorentz broadening are illustrated in Fig. 5.

Table 2. Two-photon absorption wavelengths λtp and cross sections σ of the
six lowest excited states of the molecules (A and B) and their corresponding
zinc complexes.

State
A AZn B BZn

λtp/nm σ /GM λtp/nm σ /GM λtp/nm σ /GM λtp/nm σ /GM
S1 754 1 788 35 725 2 806 9
S2 629 949 656 2927 625 600 670 3772
S3 551 0 563 420 546 0 583 996
S4 530 2077 551 17 526 955 545 2236
S5 516 26 531 519 515 96 540 30
S6 515 449 528 6902 514 163 538 20
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 A
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Fig. 5. TPA spectra of molecules (A and B) and their corresponding
zinc complexes.

For the probe A, the fourth excited state has the largest
cross section σ with the value of 2077 GM at 530 nm. The
second and sixth excited states also have considerable cross
sections. The σ of the second excited state is 949 GM at
629 nm, which produces one absorption peak in the spectrum
(see Fig. 5). When coordinated with the Zn2+, the σ of the
second excited state of the AZn increases up to 2927 GM and
the λtp is red-shifted to 656 nm. For the probe B, both sec-
ond and fourth excited states have large cross sections. The
values of σ are 600 GM and 955 GM, which are much lower
than those of the probe A. This is probably because the iso-
mer B has a torsional structure in comparison with probe A,
which is not good for charge transfer. It is well-known that
enhancement of intramolecular charge transfer will increase
the TPA cross section values of a compound. For the zinc

complex BZn, the second and fourth excited states also have
strong TPA intensities. The peak position of the BZn is at
670 nm and has a large red-shift of 41 nm with respect to the A.
This result is in agreement with the related theoretical research
for the similar probe.[19,21] The maximum cross section of the
BZn is 3772 GM, which is much higher than that of the A. It
is interesting to find that the even states, in most cases, have
larger cross sections than those of odd states. It is well known
that the two-photon transition obeys different selection rules
in comparison with the one-photon transition. The two tran-
sition states with the same parity are TPA allowed, but OPA
forbidden. The studied molecules have symmetrically sub-
stituted donor-π-acceptor-π-donor structures. For symmetric
molecules, the even states, which have the same parity as the
ground state, are TPA allowed states. While the odd states are
OPA allowed, but TPA forbidden. So, the even states have
larger TP cross sections than those of odd states. In the exper-
iment, the largest TP cross section of the probe was estimated
to be 875 GM in the experiment,[25] which is much higher than
those common TP fluorescent zinc ion probes.[4] After com-
plexion with the Zn2+, the maximum cross section increased
to 1350 GM,[25] which is also larger than those common TP
fluorophores.[4] Our TPA calculations are consistent with the
experimental trend. The calculated largest TPA cross section
is also much larger than the TP fluorescent zinc ion probes
which were calculated at the same level.[22,24] However, it
should be noticed that in our calculations, the TPA wavelength
is red-shifted greatly upon the Zn2+ binding, while in the ex-
periment, the TPA peaks are nearly at the same wavelength
(∼ 700 nm) before and after combination with the Zn2+.

As is well known, TPA properties are determined by the
ICT process.[17,18,38–40] In order to obtain a better understand-
ing of the ICT process, we have performed calculations of
NBO charge analysis for the A and B, as well as their zinc
complexes in the ground states and the first excited states.
These molecules are divided into three parts X , Y , and Z, as
shown in Fig. 6. The net charges of each part are listed in
Table 3.

Table 3. Net charges (in units of e) for divided parts of the molecules in the
ground states and the first excited states.

QX0 QX1 ∆QX QY 0 QY 1 ∆QY QZ0 QZ1 ∆QZ

A 0.045 0.105 0.060 −0.090 −0.210 −0.120 0.045 0.105 0.060
AZn 0.108 0.167 0.059 −0.216 −0.394 −0.178 0.108 0.227 0.119

B 0.046 0.109 0.063 −0.093 −0.216 −0.123 0.047 0.107 0.060
BZn 0.090 0.220 0.130 −0.178 −0.460 −0.282 0.088 0.238 0.150
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Fig. 6. Divided parts of the molecules (A and B) and their corresponding zinc complexes.
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Fig. 7. TPA spectra of molecule A and the structures with decreasing
dihedral angle.

The QX0 and QX1 stand for the net charge of part X in the
ground state and the first excited state, respectively. ∆QX rep-
resents the net charge difference of part X between the ground
state and the first excited state. Similar to this definition, ∆QY

and ∆QZ denote the net charge difference of part Y and part
Z between the ground state and the first excited state. For the
probe A, it is found that the net charge of part X in the first
excited state QX1 is 0.105e, which is more electropositive than
the value in the ground state QX0, 0.045e. The net charge of
part Y in the first excited state (QY 1, −0.210e) is more elec-
tronegative than in the ground state (QY 0, −0.090e). The case
of part Z is the same as part X . This indicates that part X
and Z are the donors of the molecule and part Y is the accep-
tor of the molecule. For the AZn, part X and part Z also act
as the donors and part Y is the acceptor. But the net charge
differences of the two donors are different. Besides, the ∆QY

is −0.178e, which means the charge transfer is much larger
than that of the A. This demonstrates that the ICT is increased
upon metal binding. The charge distribution of the probe B is
similar to the case of the A. The ∆QY of the BZn is −0.282e,
which means the BZn has the strongest charge transfer abil-
ity among these molecules. The ICT is also increased greatly
after coordinating with the Zn2+ ion.

The structural fluctuation effects are considered and the
TPA spectra for the structures with different dihedral angle ϕ

based on optimized A conformation are computed and the re-
sults are given in Fig. 7. We set the ϕ as 170◦, 160◦, 150◦,
and 140◦, respectively, which are in the range of fluctuation
according to our MD simulations. One can see that the TPA
intensity is reduced and the peak position is blue-shifted grad-
ually with the decrease of the ϕ . Therefore, it is predicted that
the probe A will have broader TPA bands with lower intensi-
ties in comparison with the optimized A conformation if the
structural fluctuation effect is included.

3.4. Coordination mode effect

In the experiment, the TPA peaks are nearly at the same
wavelength before and after combination with the Zn2+. How-
ever, the calculated TPA wavelength of the BZn is red-shifted
greatly with respect to the A. Even after considering the struc-
tural fluctuation effects, the discrepancy still exists. And also,
besides the coordination mode of the AZn and BZn, it is pos-
sible that the zinc ion could coordinate with two ligands. Then
three new coordination modes AAZn, ABZn and BBZn are
taken into account and their structures are shown in Fig. 8. The
two ligands are supplied with A or (and) B molecules and the
AAZn, ABZn and BBZn have four-, five- and six-coordination
geometries, respectively. Due to the steric effects, two A lig-
ands in the AAZn complex have torsional backbone structures.
The dihedral angle between the two pyridine rings is about
36◦. The bond lengths between the N atoms and the zinc ion
are 2.08 Å and 2.10 Å, respectively. In the ABZn complex,
the B ligand has a planar center, while the A ligand has a
38◦ torsional angle between the two pyridine rings. The bond
lengths between the N atoms and zinc ion are 2.19 Å, 2.14 Å
and 2.12 Å, respectively. As for the BBZn, both two B lig-
ands have planar backbones. The coordination bond lengths
are 2.24 Å, 2.16 Å, 2.24 Å and 2.16 Å, respectively. In addi-
tion, one can see that the relative orientation of two ligands in
the three coordination modes are obviously different. The cal-
culation shows that the energy order of these three complexes
is ABZn < BBZn < AAZn.
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AAZn ABZn BBZn

AAZn ABZn BBZn

Fig. 8. Chemical structures and the corresponding optimized geometries of the zinc complexes AAZn, ABZn, and BBZn.

The TPA wavelength λtp and cross section σ of the ten
lowest excited states for the three complexes are presented
in Table 4. Correspondingly, the simulated TPA spectra with
Lorentz broadening are illustrated in Fig. 9. For all of the com-
plexes, the third and fourth excited states have considerable
TPA intensity. For the AAZn and BBZn, the λtp of the third
and fourth excited states are very close. Therefore, the AAZn
has one absorption peak at about 640 nm and the BBZn also
has one peak at around 650 nm. While the ABZn has two sep-
arated absorption bands at 656 nm and 628 nm. In the lower
wavelength range, the seventh and eighth excited states of the
AAZn and BBZn are nearly degenerate. Then the AAZn has
one absorption peak at 550 nm and the BBZn also has one peak
at about 560 nm. But for the ABZn, there are two absorption
peaks at around 540 nm and 570 nm produced by several TPA
active states. Among the three complexes, the BBZn has the
strongest TPA intensity. The peak value comes to 4700 GM
at about 650 nm. The TPA intensity of the AAZn or ABZn
is much lower than that of the BBZn. The possible reason is
both two ligands in the BBZn have planar backbones, which is

Table 4. Two-photon absorption wavelengths λtp and cross sections σ

of the ten lowest excited states of the zinc complexes AAZn, ABZn, and
BBZn.

State
AAZn ABZn BBZn

λtp/nm σ /GM λtp/nm σ /GM λtp/nm σ /GM
S1 745 3 788 6 775 7
S2 736 21 721 18 775 3
S3 647 920 656 2854 650 1302
S4 636 1852 628 1048 644 3447
S5 589 44 620 31 601 35
S6 578 36 571 886 601 0
S7 548 358 553 248 559 1399
S8 548 64 545 14 558 634
S9 530 6 539 562 554 15
S10 527 27 534 581 549 10

helpful for charge transfer. It should be noticed that the max-
imum absorption wavelengths for all of the complexes are lo-
cated in the vicinity of 650 nm, which is closer to the TPA
wavelength of the probe A, 630 nm than those of the AZn and
BZn.
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Fig. 9. TPA spectra of the zinc complexes AAZn, ABZn, and BBZn.

4. Conclusion
The OPA, emission and TPA properties of a bipyridine-

based TP fluorescent probe before and after combination with
Zn2+ are theoretically investigated at a DFT level. The struc-
tural fluctuation is illustrated by MD simulations. The ICT
mechanism is specified. Several coordination modes are con-
sidered and the effects on TPA properties are explored at
length. The calculated OPA and emission wavelengths of the
probe are consistent with the experimental data. The OPA
wavelengths show red-shifts and the TPA cross sections are
enhanced greatly due to the increased ICT mechanism upon
metal binding. It is found that the structural fluctuation could
result in the blue-shift of TPA wavelength and the decrease of
TPA intensity. The TPA wavelength and cross section are quite
different among the zinc complexes, which demonstrates the
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significant coordination mode effects on TPA. It is interesting
to find that the TPA wavelengths of the complexes with two
ligands are close to that of the probe, which could produce the
experimental observations.
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