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Abstract The geometrical structure, electronic structure,
and one-photon absorption (OPA) properties of a series of
magnesium ion (Mg>")-selective fluorescent probes based
on benzo [h] chromene derivatives have been theoretically
studied by using density functional theory (DFT) method
and Zerner’s intermediate neglect of differential overlap
(ZINDO) methods. Their two-photon absorption (TPA)
properties are also calculated by using the method of
ZINDO/sum-over-states. Results show that all studied
probe molecules exhibit large TPA cross-section (J,,x) in
response to Mg®" in 700- to 1,200-nm range. Furthermore,
the d,.x can be greatly enhanced by introducing acceptor
groups to the lateral side of benzo [h] chromene. And that
probes with stronger acceptor group show larger d,,., and
result in 70-fold enhancing when coordinate with Mg
Significantly, probe molecules with good cell permeability
were also studied by replacing the hydrogen group with
acetoxymethyl ester, but .., changed slightly. These
results shed light into the design strategy of efficient TP
fluorescent probes with large 0, and good cell perme-
ability for Mg?" sensing in living systems.
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1 Introduction

Two-photon absorption (TPA) is a nonlinear optical pro-
cess first predicted theoretically by Maria Goppert-Mayer
in 1931 [1]. With the development of laser technology,
breakthrough progress has been made in theoretical pre-
diction, molecular design, synthesis, and applications of
TPA materials in the past decade years. Materials with
large TPA cross-sections have been utilized for a myriad of
optical applications such as three-dimensional (3D) optical
storage memory [2, 3], upconverted lasing [4], optical
power limiting [5], and photodynamic therapy [6].

Recently, because of the development of TPA materials
in many different fields, more attention has been paid on its
potential applications in life science. For example, optical
imaging with two-photon (TP) material has become a vital
tool in the investigation of living system [7-9]. Compared
with one-photon microscopy, TP microscopy employing
two near-infrared (NIR) photons for excitation offers many
advantageous features, including the reduction of photo-
bleaching and photodamage of imaging probes and cellular
structures; high three-dimensional selectivity; the capabil-
ity of penetrating thick tissues; the absorption light strength
of a TPA process dependent on the square of the irradiance,
which makes it possible to confine the laser excitation in a
minute spatial volume [10-12]. So, TP fluorescent probes
have attracted much interest and been used to clarify var-
ious biological mechanisms in living systems.

Magnesium ion (Mg>") is one of the most abundant
divalent cation in living cells and plays vital roles in cell
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proliferation and cell death. It also involves in the main-
tenance of cell shape, modulation of signal transduction,
various transporters, and ion channels [13-21]. The bio-
chemistry of Mg®" has been thoroughly studied in vitro,
but the knowledge about its cellular homeostasis is still
scarce, due to the lack of appropriate detection method. To
understand its role in regulating cellular process, it is
essential to monitor the Mg®" concentration in the intra-
cellular compartment as well as its distribution throughout
living systems. A number of methodologies have been
reported in recent years. However, many of these meth-
odologies can be hampered by interference from Ca®" for
that many probes have stronger binding affinity for Ca®"
than for Mg®". Although some probes with S-diketone
subunit can overcome this shortcoming [12, 19, 22-24],
they still cannot be widely used in living systems for the
insufficient sensitivity suffered from photobleaching and
photodamage effects.

It is known that TP probe with large two-photon
absorption cross-section (Jp,ay) is capable of imaging Mg*™
ions. However, their application in living tissues is still
limited. In 2007, Kim et al. designed and synthesized a novel
useful TP probe, which can emit strong TP-excited fluo-
rescence in response to Mg”" in the 800- to 1,000-nm range
and can be easily loaded into living cell and tissue, exhibits
high photostability, and can measure the Mg*" concentra-
tion without interference by Ca®" ions in living cells [12,
25]. However, the relationship between the probe structure
and the emitting fluorescence intensity and the guidelines
directed their potential applications in living systems are still
unclear. Herein, we designed and theoretically studied a
series of TP fluorescent probes based on benzo [h] chromene
derivatives; the intrinsic relationships between molecular
structure and TPA properties were revealed. It is significant
that our results not only provide some useful theoretical
guidelines for the design and synthesis of benzo [h] chro-
mene derivatives with excellent TPA properties but also
directed their applications in living cells.

2 Computational method

The TPA process corresponds to simultaneous absorption
of two photons. The TPA efficiency of an organic mole-
cule, at optical frequency w/2m, can be characterized by the
TPA cross-section d(w). It can be directly related to the
imaginary part of the second hyperpolarizability y(—w; w,
—w, w) [26, 27], as shown in Eq. (1):

S Pmfy(—w; 0, —0, )] (1)

where ho is the energy of the incoming photons, c is the
speed of light, & is the vacuum electric permittivity,
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n denotes the refractive index of the medium, and L cor-
responds to the local-field factor. In the calculations pre-
sented here, n and L are set to 1 because the isolated
molecule is in the vacuum.

The sum-over-states (SOS) expression to evaluate the
components of the second hyperpolarizability y(—w; o,
—w, w) can be educed using perturbation theory. By con-
sidering a Taylor expansion of the energy with respect to
the applied field, the Cartesian components of y are given
by Refs. [28] and [29]. In the present work, all damping
factors I are set to 0.10 eV. To compare the calculated
value with the experimental value measured in solution, the
orientationally averaged (isotropic) value of y is evaluated,
which is defined as

1 ..
(v) = 15 E i + Vi + Vi) HI=X,9,2 (2)
iy

thereafter (y) is taken into expression (1) and then the TPA
cross-section ¢ is obtained.

In the present study, the geometry optimization of all
benzo [h] chromene derivatives has been carried out by using
the DFT/B3LYP/6-31G* in the Gaussian 03 package of
quantum chemical programs [30-32], while the UV-Vis
spectrum, transition dipole moment, and the corresponding
transition energy by single and double electron excitation
configuration interaction have been calculated by employing
the ZINDO program [33]. The Cl-active spaces, for the
singly excited configuration, were restricted to the 20 high-
est-occupied and 20 lowest-unoccupied 7 orbitals but were
restricted to the 3 highest-occupied and 3 lowest-unoccupied
7 orbitals for the doubly excited configuration. Then, the
values of Imy, related to ¢, were calculated by applying the
FTRNLO program compiled by our group. Finally, the TPA
cross-sections of all molecules are predicted.

3 Results and discussion
3.1 Molecular design

It is well known that an efficient intracellular TP probe
must be endowed with large TPA cross-section, high
selectivity, good water solubility, and high photostability.
On this premise, we designed a series of Mg>" probes on
the basis of benzo [h] chromene (Fig. 1). The molecular
structure of the benzo [h] chromene main body keeps a
good conjugation plane to enhance its photostability [25,
34] and contains an integral f-keto acid to accept Mg*"
and also to increase its water solubility [23, 24]. On the
other hand, it is also an efficient way to increase the
potential of charge transfer efficiency and to enlarge the
TPA cross-section by enhancing the substituted donor or
acceptor group strength or extending the conjugation
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length [35-37]. In the present study, we designed a series
of Mg>" probes by introducing different donor or acceptor
groups or extending the conjugated length at the terminal
of the cyclic planar framework aims to enhance the intra-
molecular charge transfer (ICT) and finally enhanced the
TP response to Mg”". As shown in Fig. 1, CMgX denotes
the designed Mg probes, CMgX-Mg>" are their corre-
sponding compounds when coordinate with Mg2+, and
the substituted groups are also listed below for
CMgX (X = 1-7). For comparison of the TPA property of
molecules with different cell permeability, CMg3 was also
constructed by converting the hydrogen group on R,
position of CMg2 with acetoxymethyl ester.

3.2 One-photon absorption properties

The OPA properties of all studied molecules have been
calculated by employing the ZINDO program on the basis
of the equilibrium geometries calculated by DFT/B3LYP/
6-31G* method. The calculated OPA wavelengths (/10), the
corresponding oscillator strengths (f), and the transition
natures are all listed in Table 1, and some reported
experimental data are given in parentheses. The OPA
wavelengths (1) of CMg2, CMg2-Mg*", and CMg3 with
experimental data reported were also calculated by
employing TDDFT/B3LYP/6-31G* method [25]. Com-
pared the results obtained by TDDFT and ZINDO method
with the experimental results, 29 calculated by ZINDO
method are in better agreement with the experimental
values. So, it is reasonable and reliable to predict the OPA
and TPA properties of the studied molecules by employing
ZINDO program.

As shown in Table 1, at least two OPA peaks are existed
for all the probes and these OPA peaks are mainly located
near 400 nm. As the donor or acceptor group strength
increased, the OPA wavelength changed slightly. However,

Mg2+
00 & ORe
2+ l
OV OR: Mg o7 o
(2 — O
R R
CMgX CMgX-Mg>*
X=1, Ri=NH: Re=H
X=2, Ri=N(CHa) Re=H
X=3, Ri1=N(CHs): R2= CH2COOCH:Ss
X=4, Ri=,~<_)—N(CHs) Re=H
X=5, Ri1=CFs R2=H
X=6, Ri1=CN Rz=H
X=7, Ri=N(CN) Re=H

Fig. 1 Molecular structures of studied Mg>" probes (CMgX) and
their corresponding Mg>" binding compounds (CMgX-Mg>*+)

when the styryl is introduced to the main body to extend
the conjugated length, the OPA peaks of CMg4 with ter-
minal donor group are largely red-shifted compared with
CMg2. Meanwhile, more OPA peaks can be observed as
the conjugated length extended. When the probes coordi-
nate with Mg>", the OPA peaks of CMgX-Mg>" are all
red-shifted compared with their corresponding probes
CMgX. When the lateral side group (R)) is substituted with
donor or acceptor group, the first OPA peak of CMgX-
Mg " is mainly located around 650-700 nm and also has
strong absorption band near 400 nm. Interestingly, when a
styryl conjugated bridge is introduced to the probe, a strong
OPA peak is observed in the NIR region for CMgX-Mg>"
complexes (CMg4-Mg?*: 1,197.5 nm), although there still
exist OPA peaks in lower wavelength region. In view of the
results discussed above, it can be concluded that different
donor or acceptor groups have less effect on the OPA
properties of CMgX. When these probes coordinate with
Mg?", a strong OPA peak will appear in the long wave-
length region. But it should be noticed that when the
conjugated length extended in the terminal, A%, of CMgX-
Mg*" are largely red-shifted and located at the NIR region,
which suggested that CMg4 may be potential one-photon
microscopy materials.

3.3 Two-photon absorption properties

On the basis of correct OPA spectrum, the TPA properties
of CMgX and CMgX-Mg”" are calculated by using ZIN-
DO-SOS method. In consideration of its applicability in the
living systems of the TP probes with lower excitation
energy, the TPA properties in the range of 700-1,200 nm
of studied molecules were discussed in this work. Table 2
summarizes the calculated results of TPA wavelengths
(AF4) and Opax. It can be seen that as the donor group
strength increased, the 0.« of CMg2 increased slightly
compared with CMg1. Their corresponding Mg”" binding
complex CMg2-Mg>" and CMgl-Mg®" show the same
trend, but about 7 times enhancement in J.,,, compared
with their corresponding probe-unbound Mg*". It means
that the Jpa increased greatly in response to Mg>". Sim-
ilarly, the d,ax of CMgX-Mg*" can be further increased by
increasing the acceptor group strength. However, there are
little changes in d,,,x for CMgX when R; is substituted by
strong acceptor groups. From CMg5 to CMg7, the
increasing in O, in response to Mgpr is varied from 40-
to 70-fold. So, the 0., of probes CMgX show a dramati-
cally enhancement in response to Mg®" with the acceptor
group strength increased. When R1 is substituted by donor
groups, the enhancement of J.,,c is just sevenfold and
basically no change occurred as the donor group strength
increased. It demonstrates that probes with terminal
acceptor groups are more sensitive to Mg>". Compared
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Table 1 OPA properties of studied Mg”" probes

CMgX Transition 29 /nm f CMgX—MgZJr Transition 79 /nm f
CMgl So = S» 409.6 0.25585  CMgl-Mg>* So = Sy 687.4 0.33219
So = Sy 320 0.42673 So — S¢ 4458 0.20122
So = Sii 361.4 0.19258
CMg2 So— S, 403.1 0.28698  CMg2-Mg>" So = Sy 708.8 0.32995
(413°%P, [25] 382.5TPPFT) So — S¢ 4547 0.18352
So = S, 314.5 0.37689 (443°*P [25] 482.6TPPFT)
So — So 372.9 0.14385
CMg3 So = S» 4257 027779  CMg3-Mg>" So = S, 690.2 0.38973
(460°%P, [25] 407.9TPPET) So — S4 441.8 0.16405
So = Sy 324 0.39169 So = S, 375.6 0.15639
So = Sii 325 0.26425
CMg4 So = S, 464.2 0.28944  CMg4-Mg>" So = S, 1,197.5 0.88431
So— S, 4453 0.5319 So = S4 780.5 0.124
So — S4 367.8 0.33861 So = Sg 536.4 0.13088
So — Ss 355.5 0.20382 So — Sio 506.3 0.12041
So = So 329.8 0.38186 So — Sig 375 0.17084
CMg5 So = S, 3713 023058  CMg5-Mg>* So = Sy 647.9 0.18879
So = Sy 309.2 0.51409 So — S¢ 4452 0.19678
So = Sio 368.2 0.3552
CMg6 So— S» 368.5 030925  CMg6-Mg>" So = S 659.3 0.11944
So — Sg 308 0.58955 So = Sy 594.6 0.25058
So = Ss 476 0.2338
So = Sio 373.6 0.38546
CMg7 So = S, 372.4 026676  CMg7-Mg>* So = Sy 655 0.18906
So = So 310.1 0.54009 So = S, 605.7 0.16774
So — S¢ 447 0.18596
with CMg2, CMg4 with an extended conjugation length 5 MSHAM(Z),L A
shows a red-shifted A5, and a greatly enhanced dm,y in X EXT (4)
n

response to Mg>". The increasing in ., of CMg4-Mg”"
is about 20-fold. So, it is more sensitive to Mg when the
probe conjugation length is extended.

In order to explain the origin of TPA properties of the
investigated molecules, a two-level model was adopted, in
which the TPA cross-section can be defined as [36, 38—40]

_ dnagom® M3, A,
I5co  ELT

(3)

where ay is the Bohr radius, ¢ is the speed of the light, o is
the fine structure constant, w is the photon energy, My, is
the transition dipoles between the ground state 10> and
la > TPA final state | n>, Aug, is the dipole moment
difference between ground and excited states, and Eg, is
the transition energy between the ground states 10> and a
TPA final state | n>. The formula (3) can be simplified to
the following formula

@ Springer

As discussed above, that probe with different lateral side
groups exerted little differences on 0,,,. But for their
corresponding Mg>" binding complexes, this difference is
more obvious. In order to analyze the relationship between
0 values and molecular structures using the two-level
model, all related parameters of CMgX-Mg”" are listed in
Table 3. Insight into these parameters, we can found that as
the strength of donor group increased and the conjugated
length extended, M,, and Apgy, show an apparent
enhancement, while E,, decreased gradually.

The same tendency can be observed for M, Aug,, and
Eo, when the acceptor group strength increased at the
molecular terminal, except for the Apg, of CMg5-Mg*™
and My, of CMg7-Mg*". According to Eq. 4, ¢ is in pro-
portion to the product of My, and Apg, while it is in
inverse proportion to Ey,. The relationship between the
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Table 2 TPA properties of studied Mg>™ probes in the NIR region

CMgX I ax/nm 0/GM CMgX-Mg>" I ax/nm Imy 0/GM Channel
CMgl 817.84 30.76 CMgl-Mg*" 817.84 8,995 221.81 So = S7 H-2 - L+1 24%
H — L+3 24%
H — L+6 10%
H,H — L+1, L+1 19%
CMg2 805.1 37.85 CMg2-Mg>" 844.58 10,645 246.15 So = S7H-2 - L+1 21%
820°*P [25] 84°*P [25] 880°*" [25] 107°*F [25] H - L+3 22%
H - L+6 12%
H,H - L+1, L+1 18%
CMg3 851.55 432 CMg3-Mg*" 827.67 14,519 349.58 So = Ss H-2 - L+1 15%
H - L+3 31%
H - L+511%
H,H —» L+1, L+1 12%
CMg4 891.98 171.15 CMg4-Mg>" 884.34 163,494 3,448.25 So = SioH - L+4 13%
H - L+6 18%
CMg5 741.54 18.44 CMg5-Mg>" 738.89 22,560 681.6 So = So H —» L+3 32%
H - L+541%
CMg6 736.25 18.74 CMg6-Mg** 746.9 28,454 841.33 So = Sio H-3 - L+1 37%
H — L+5 18%
CMg7 744.21 21.21 CMg7-Mg>" 749.61 54,119 1,588.62 So = S12 H-7 - L+1 16%
H-2 - L+127%
H - L+515%
H, H-n, L, and L+n denote HOMO, HOMO-n, LUMO, and LUMO+n, respectively
Table 3 The related parameters for CMgX—Mngr using the two-level 1
model 3500 i
Compound Mo, Alton Eo, 0 = 3000 '
CMgl-Mg** 1.04 447 3.04 221.81 § 2500 1
CMg2-Mg** 1.49 5.30 2.94 246.15 % 2000 <
CMg3-Mg>" 1.16 5.38 3.00 349.58 e 1 -
CMg4-Mg>" 3.81 10.06 2.76 3,448.25 u°po 1500 ]
CMg5-Mg>* 1.95 6.79 3.33 681.60 ?, 1000 1 .
CMg6-Mg*" 5.53 4.21 332 841.33 © 500 ] >
CMg7-Mg*" 4.20 5.12 332 1,588.62 1 u
O T T T T T T T T T
0 500 1000 1500 2000
M, ‘A, “/E, T

Omax Of CMgX-Mg®" and Mg,Au./ES.]" is depicted in
Fig. 2. We can found that the calculated points are aver-
agely distributed on the two sides of the fitted line, which
further confirmed the above conclusions. So, the results
analyzed above indicated that the changes in J,,,, can be
predicted by the two-level model, and My, Apug,, and Eg,
are all important factors to ., of the Mg?" binding
complexes.

ICT is another important factor that affects the change in
TPA cross-section. In order to further interpret the internal
factors that affect the TPA properties, the frontier orbitals’
contour surfaces of the probes and their corresponding

Fig. 2 Plot of 3, versus Mg, Apdo/Ed,l’

Mg?" complexes related to the TPA process were also
investigated. The molecular orbitals related to the main
transitions of TPA process are shown in Fig. 3.

The main configuration of all probes before they coor-
dinate with Mg®" is HOMO — LUMO. It can be found
that almost all electron densities of these probes’ HOMO
and LUMO are distributed averagely on the whole mole-
cule and no obvious electron transfer occurred during the
TPA process, so their ¢ values are not too large and the
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Fig. 3 Contour surfaces of the frontier orbital relevant to the maximum TPA for the studied molecules

differences among them are unobvious except for molecule
CMg4 that J is apparently larger than other probes. This is
attributed to the apparent charge transfer between the lat-
eral side donor group and the main body benzo [h] chro-
mene during the TPA process as illustrated in Fig. 3. When
these probes coordinate with Mg®", apparent electron
transfer must be occurred between the benzo [h] chromene
main body and Mg>" during the TPA process, which will
be resulted in large TPA cross-sections. From Fig. 3, we
can also found that the electron density of the occupied
orbitals of Mg>" complexes increased obviously when
introducing strong electron donor or acceptor groups or
extending the molecular conjugated length. But the elec-
tron density is mainly concentrated on the molecular main
body, while hardly distributed on Mg>". For the complexes
with terminal acceptor groups, the electron densities more
prefer to distribute near the acceptor groups, and the cen-
tralized tendency becomes more obvious as the acceptor
group strength increases. However, the electron densities of

@ Springer

all of the Mg*" complexes’ unoccupied orbital are mainly
concentrated on Mg®". Almost no electron densities dis-
tribute on the molecular framework, even though the ter-
minal acceptor groups are introduced. We can deduce that
Mg*" plays an important role as a strong acceptor group in
these complexes and its electron-withdrawing ability is
stronger enough to attract electrons from the terminal
groups. This leads that the M, of the complexes with
terminal acceptor groups are larger than those with donor
groups. Finally, the variation in electron density and M,
resulted in different TPA responses to Mg>". According to
the results discussed above, we can conclude that (1)
increasing the acceptor group strength or introducing the
conjugated segment can cause the Mg®" complexes to
show high electron transfer efficiency and result in a dra-
matically enlarged d,,.x; (2) the electron transfer efficiency
are more obvious during the TPA process for the com-
plexes with terminal acceptor groups, so they are more
sensitive to Mg>"; (3) for CMg3-Mg>", there is almost no
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electron density distributed on the occupied and unoccu-
pied orbitals of the acetoxymethyl ester, and there are little
changes occurred in the electron density distribution by
replacing the hydrogen group with acetoxymethyl ester.
So, the dmax of CMg2-Mg®" and CMg3-Mg®" did not
change significantly.

4 Conclusion

In summary, we theoretically studied the geometrical
structure, OPA and TPA properties, and electronic struc-
ture of a series of magnesium ion—selective fluorescent
probe based on benzo [h] chromene derivatives. Calculated
results showed that almost all probes exhibit large TPA
cross-sections in response to Mg®" in 700- to 1,200-nm
range. However, introducing donor groups to benzo
[h] chromene main body cannot greatly enhance the J,,, of
the probes, sevenfold enhancement was observed only
when they coordinate with Mg®", and not too much change
occurred by increasing the donor group strength. When
acceptor group was introduced to the benzo [h] chromene
main body, the increasing in 9.,y for Mg?" binding com-
plexes varied from about 40- to 70-fold as the acceptor
group strength increased. These results suggest that the
benzo [h] chromene-based derivatives with terminal
acceptor groups are more efficient TP fluorescence probes
for Mg>*. Furthermore, probes with different cell perme-
ability were also studied by replacing the hydrogen group
with acetoxymethyl ester, and results showed that little
change occurred on J,,,,x for both the probe and its corre-
sponding Mg”>" binding complexes. Through the analysis
of the frontier orbitals’ contour surfaces, we can also find
that different responses to Mg>" are mainly caused by the
variation in electron density and M, during the TPA
process. This work not only provides useful theoretical
guidelines to the design of benzo [h] chromene derivatives
with excellent TPA properties but also sheds light into the
significance of the benzo [h] chromene derivatives as
promising Mg®" fluorescent probes in living systems.
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