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Responsive mechanism of 2-(2'-hydroxyphenyl)benzoxazole-based
two-photon fluorescent probes for zinc and hydroxide ions*
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Response theory is used to investigate one- and two-photon absorption (TPA) as well as the emission properties of a
series of potential zinc ion and pH sensitive materials containing 2-(2’-hydroxyphenyl)benzoxazole (HPBO) end groups.
Special emphasis is placed on the evolution of their optical properties upon combining with zinc ions or deprotonation.
Our calculated results indicate that upon combining with zinc ions or deprotonation, these HPBO derivatives show drastic
changes in their one-photon absorption (OPA), emission, and TPA properties. Moreover, the mechanisms of the probes are
analyzed and found to be an intramolecular charge transfer. These compounds are thus proved to be excellent candidates

for two-photon fluorescent zinc and pH probes.
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1. Introduction

Materials with large two-photon absorption (TPA)
cross sections are expected to have potential applications
in many fields, such as three-dimensional (3D) optical

1-3]

data storage,! photodynamic therapy,!*7 optical limi-

ting,[®'1l and two-photon excitation microscopy (TPEM)
imaging.['>"13) Especially, the TPEM imaging has received
extensive attention in recent years because of its vital uses
in the study of living cells and tissues, which has many ad-
vantages over the commonly used one-photon excitation mi-
croscopy (OPEM) imaging, including reducing photodamage
and photobleaching, increasing the penetration depth, dark-
field imaging, and high 3D resolution. Certainly, utilizations
of the TPEM imaging rely on the development of efficient TPA
materials. Moreover, a powerful two-photon fluorescent (TPF)
probe needs to have a large TPA cross section, appreciable sol-
ubility in water, high photostability, and sensitive response to
detected objects. Over the past decade, TPF probes triggered
by diverse external stimuli, such as metal ions, pH values, and
fluoride ions, have been experimentally developed.'®201 At
the same time, working mechanisms of the probes, including
intramolecular charge transfer (ICT), fluorescence resonance
energy transfer (FRET), photoinduced electron transfer (PET),
and group conversion (GC), have also been discussed. !l

(HPBO)-containing
materials are promising candidates for zinc ion probes and

2-(2'-hydroxyphenyl)benzoxazole

pH probes because the HPBO part can be chelated with zinc
ions to form a zinc complex and they can also be deproto-
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nated to form a free phenolate anion in an alkaline environ-
ment. Various one-photon fluorescent (OPF) sensing 2-(2'-
hydroxyphenyl)benzoxazole (HPBO) derivatives have been
developed for selective detection of zinc ions in environmental
or biological systems.!?>23 Recently, zinc ion and pH probes
based on TPA chromophores with HPBO groups have been
reported, in which three HPBO-based chromophores have
been synthesized and investigated, revealing them as potential
probes for zinc and hydroxide ions.!'”] However, to the best of
our knowledge, theoretical investigations on these TPF-based
probes are quite limited. In order to understand the respon-
sive mechanisms of these probes, theoretical investigations of
their TPA and fluorescent properties by the response theory
methods at the density functional theory (DFT) level will be
carried out in this work. Our study is intended to give the
working mechanisms and structure-property relationships for
these probes, providing knowledge that can be used to design
more efficient TPF probes that are geared towards biological

applications.

2. Computational details

The one-photon absorption (OPA) strength between
ground state |i) and excited state |f) is described by the os-
cillator strength

2
Sop = =3 Y|l el NI M

where @y is the excited energy and L is the Cartesian compo-
nent of the electronic dipole moment operator. The summation
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is performed over the molecular x, y, and z axes: o € {x,y,z}.
The TPA cross section that can be directly compared with

experimental result is defined as

o 4r’ajom’g(w)
P 15¢l

Sip.- 2

Here o is the Bohr radius, ¢ is the speed of the light in vac-
uum, ¢ is the fine structure constant, @ is the photon frequency
of an incident laser beam, g(®) is the spectrum line profile and
is assumed to be a & function here, I is the lifetime broaden-
ing of the final state and is assumed to a common value 0.1 eV,
and &, is the microscopic TPA cross section that is defined by
a two-photon transition matrix element S, 5 between the initial
state |i) and the final state |f)

y (il o [s) (s| g |f>+<i|#ﬁ [5) (sl ba )]

S =
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Here, a, 8 € {x,y,z}; o is the photon frequency of an incident
laser beam and is assumed to be half of the excitation energy
oy of the final state |f), 20 = @y; the summation covers all
of the intermediate states including states |i) and |f); s rep-
resents the excited energy of the intermediate state |s). The
microscopic TPA cross section of the molecule excited by a

linearly polarized monochromatic beam can be calculated by

8p = 6(Sxx+Syy +52)?
+8 (7, + 5.+ S5, — SueSyy — SerSez — SyySz) . (4)

The most straightforward approach to calculating the TPA
cross section is the response theory method. In this theory, the
summation over excited states is substituted by the solution
of a set of coupled response equations. TPA transition matrix
elements can be obtained from the residue of the quadratic re-
sponse function. In this study, the geometrical structures of
ground state are fully optimized at a Hartree—Fock (HF) level.
Frequency calculations are performed to verify the stability of
the optimized structures at the same level. On the basis of
each optimized ground state structure, OPA and TPA proper-
ties are calculated by using the response theory method that
is implemented in Dalton2011 package!?¢! at the DFT/B3LYP
level. The emission properties are also obtained by the re-
sponse theory method at the DFT/B3LYP level after optimiz-
ing the first excited state structures with time-dependent hy-
brid density functional theory (TD-DFT). All of the optimiza-
tions of geometrical structures are implemented in Gaussian09
package.[?’! The basis set 6-31G* is chosen for the study. For
the purpose of simulating the deprotonation of hydroxyl end
groups, a hydrogen atom attached to an oxygen atom in the
hydroxyl group is removed and an electron in the molecule is

simultaneously left there. The most part of the electron charge

is held by the oxygen atom because of its high electronega-
tive property. Furthermore, solvent effects caused by the sur-
rounding DMF solvent are taken into account in the polarized
continuum model (PCM) approach[?%2%! for comparison with
the experimental results. The charge transfer (CT) process is

visualized to understand their optical properties.

3. Results and discussion
3.1. Molecular structures

The molecular structures are presented in Fig. 1. For
the purpose of saving computational resources, we replace the
aliphatic side chains (-CgH;3) in the fluorene center by a hy-
drogen atom, and the end group (-OCg¢Hj3) of the molecule 2
by a smaller one (-OC,Hs). One can expect that this substi-
tution can significantly reduce the computational cost and has
little effect on nonlinear optical properties of the compounds
used in experiment. All of the the studied molecules have flu-
Molecules 1, 2, and 3 contain HPBO

groups with an increasing number (0, 1, and 2) as binding sites

orenes as 7T centers.

for metal ions, respectively. Complexes 2—Zn and 3-Zn are in
saturated states of zinc ions because the molecules 2 and 3
are titrated with Zn(OOCCH3); solvent. Molecule 3-O~ is a
twofold deprotonated form of molecule 3.

Some selective bond lengths and dihedral angles of the
optimized molecules are displayed in Table 1. When com-
pounds 2 and 3 are chelated with zinc ions to form the zinc
complexes 2—-Zn and 3-Zn, their bond lengths of C;—Oy; are
contracted from 1.331 A to 1.283 A, showing the larger elec-
As the
compound 3 is deprotonated to form the twofold deproto-
nated form 3-O~, the bond length of C;—Oq; is contracted
from 1.331 A to 1.225 A, enhancing the electron donating

tron donating ability of the terminal group —OZn.

ability of the hydroxyl group after deprotonation. Addition-
ally, the bond length alternation (BLA) parameters defined
by dpLa = (Rc,—c; + Rc,—cs)/2 — Rey—c, are 0.148, 0.148,
0.146, 0.148, 0.146, and 0.126 A for the compounds 1, 2, 2—
Zn, 3, 3-7Zn, and 3—O ", respectively. We can find that the BLA
values of the zinc complexes 2-Zn and 3—Zn as well as the
deprotonated 3—O~ are reduced, which indicates that the con-
jugated degrees of these HPBO derivatives are increased upon
combining with zinc ions or deprotonation. Besides, the dihe-
dral angles between the center fluorene plane and the HPBO
group of 1, 2, and 3 (LC1C2C5Cq) are 48.53°, 44.83°, and
44.76°, respectively. We can see that the optimized structures
of compounds 1, 2, and 3 are not in good planarity, but the
planarity is a little improved as the number of HPBO units in-
creases. After combining with zinc ions and deprotonation,
2-7n, 3-Zn, and 3—-O~ have better planarity with the dihedral
angles ZC1C,CsCg of 38.61°,39.01°, and 18.93°, respectively.
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Fig. 1. (color online) Molecular structures of all the HPBO-containing compounds.

Table 1. Selective bond lengths (in units of A) and dihedral angles (in
units of C°) of the optimized chromophores.

1 2 2-7Zn 3 3-Zn 3-O°
Cr—C5 1.477 1477 1477 1477 1477 1473
C3-Cy 1.328 1.328 1329 1328 1.329  1.338
C4—C;s 1476 1475 1473 1475 1473 1.456
Cs—Cio 1472 1459 1442 1459 1442 1444
C7-Oqy 1.337  1.331 1283 1331 1.283  1.225
O11—Znj2/Hyp - 0957 1.886 0957 1.886 -
Znj2/H12—Njg - 1912 2.024 1912 2.024
Zn;p-03 - - 2.042 - 2.042 -
Zn»-014 - - 2.041 - 2.042 -
ZC1CrC5Cs 48.53 4483 38.61 4476 39.01 1893

The charge distribution of the chromophores is an impor-
tant factor for determining their photophysical properties. We
thus perform a Mulliken population analysis on free molecules
1, 2, and 3 and their ion forms. To make a clear analysis, these
molecules are divided into five parts, as shown in Fig. 2. Parts
A and C act as the terminal donors/acceptors of the molecule,
part B acts as the conjugate bridge of the molecule, and parts
D and E represent the benzoxazole units. The net charges of
these parts are listed in Table 2. From Table 2, one can see
that Op and Qg values of the molecules except for the com-

Table 2. Net charges (in units of e) for divided parts of the chro-
mophores in the ground state.

Molecule Oa Op Oc Op Ok
1 -0.222 0.559 -0.222 -0.057 -0.057
2 -0.201 0.540 -0.204 -0.063 -0.071
2-7n -0.257 0.644 -0.267 -0.060 -0.058
3 -0.204 0.551 -0.204 -0.071 -0.071
3-7Zn -0.268 0.655 -0.268 -0.059 -0.059
3-0~ -0.657 -0.203 -0.657 -0.241 -0.241

The frontier orbital energies and energy gaps (AEy_r.)
between the highest occupied molecular orbital (HOMO) and

plex 3—O~ are near to zero, which demonstrates that the ben-
zoxazole units are not directly conjugated with the rest of the
chromophore. Op and Qg values of the complex 3—O~ are due
to the deprotonated process. It is noteworthy that all of the ter-
minal groups, -OCH,R (R = OCHj3; for 1 and CH3 for 2), —OH,
—0Zn, and -0, possess a considerable number of electrons,
showing a donating ability to the T—center. When compound 2
combines with a zinc ion, Q (Qc) is increased from —0.201e
(—0.204¢) to —0.257¢ (—0.267¢), and for compound 3, Qs
is increased from —0.204e to —0.268e.
is deprotonated, the value of Qp is —0.657e. These results

When compound 3

show that charge push—pull capabilities of these HPBO-based
molecules are enhanced by combining with zinc ions or depro-

tonation.

Fig. 2. (color online) Five divided parts of the molecule 2—Zn.

the lowest unoccupied molecular orbital (LUMO) are shown
in Table 3. The AEy_1 values of molecules 2 and 3 re-
duce to 3.62 eV compared with that of molecule 1 (3.65 eV)
owing to the introduction of HPBOs. When zinc ions are
added, the HOMO energy moves up and LUMO energy moves
down, resulting in a narrower energy gap. Furthermore, the
AEy_1, value of 2.68 eV for the deprotonated 3—O~

est. This observation is understandable because the charge

is small-

push-pull abilities of the chromophores 2-Zn, 3—Zn, and 3—

O~ are stronger than those of the free forms.
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Table 3. Calculated frontier orbital energies (in units of eV). H (L) denotes the HOMO (LUMO).

Molecule H-3 H-2 H-1 H L L+1 L+2 L+3 AEy_L
1 —6.13 -5.94 -5.60 -5.14 -1.49 -1.15 -1.04 -0.70 3.65
2 -6.27 -5.97 -5.53 -5.07 -1.45 -1.34 -1.11 -0.69 3.62
2-7Zn —6.38 -6.09 -5.58 -5.02 -1.63 -1.47 -1.14 -0.72 3.39
3 —6.38 -6.12 -5.56 -5.08 -1.46 -1.37 -1.31 -0.73 3.62
3-Zn —6.52 -5.99 -5.28 —4.88 -1.60 -1.61 -1.29 -0.61 3.27
3-0~ -1.32 -1.32 -0.36 -0.16 2.52 3.01 3.07 3.36 2.68

3.2. One-photon absorption and emission properties

The calculated OPA and emission properties, including
the maximum OPA wavelength (A9

max)» €mission wavelength

(AE,,), transition energy (Eq,), oscillator strength (8p), tran-
sition nature, emission lifetime (7), and experimental results,
are listed in Table 4. The maximum OPA peaks of compounds
1,2, and 3 in gas phase are located at 375, 377, and 376 nm, re-
spectively. When the solvent effect is considered, these peaks
are red-shifted to 380, 383, and 381 nm, showing that they
are in good agreement with the experimental measurements
of 382, 381, and 384 nm. The results with considering sol-
vent effect are included in the following discussion. When
molecules 2 and 3 bind to zinc ions, their maximum values
of OPA wavelength A0,
have a significant red-shift. Namely, A0, (AE ) of 2 and 2—
Zn are, respectively, 383 nm (494 nm) and 398 nm (505 nm),

and emission wavelength AE, each

max

and those of 3 and 3—Zn are respective 381 nm (493 nm) and
401 nm (518 nm), showing that they are in good agreement

with the experimental measurements. Furthermore, one can
see that the emission intensities of 2—Zn and 3-Zn are largely
reduced. These variations can be used to indicate the presence
of zinc ions. When molecule 3 is deprotonated, A9, is red-
shifted from 381 nm to 464 nm, and AE,, is also red-shifted
from 493 nm to 546 nm. Nevertheless, the emission intensity
of 3-O7 is enhanced. The results indicate that molecule 3 may
serve as a pH probe.

The emission lifetime 7 is further calculated by using the

Einstein transition properties according to the formula (in a.u.)

3

T= "5
2(Eﬁu)250p

)
where ¢ is the velocity of light, Eg, is the transition energy,
and &, is the oscillator strength. Complex 3—Zn has a longest
emission lifetime of 15.78 ns, and the next one is 2-Zn with an
emission lifetime of 7.50 ns, which are much larger than those

of the free molecules and 3—-O~.

Table 4. One-photon absorption and emission properties of the chromophores for the charge transfer state in the lower energy region.

Molecule A0 /nm Sop Transition nature AL /am Enu/eV Sop Transition nature T/ns
] 17535083500 240 So —S; H—L 86% 473 4913 440b 2.62 282 S; =S H-L99% 1.19
2.46 So —+S; H—L 88% 2.52 291 S1 —=So H=L 99% 1.25

) s agr 22 So —S1 H—L 92% 477 4045 494> 2.60 276 S| —So H—L 98% 123
2.49 So —+S1 H=L 93% 2.51 2.89 Sy —+So H—L 99% 1.27

o 185 30gi g0 198 S0 SyHOLHIOS% ol 2.30 018 S, S H-L99%  24.18
1.91 So —S1 H=L 72% 2.45 0.51 S1 —=So H=L 97% 7.50

; 16 3g1a3ge 214 So —Si H—L 83% 475 493 499 2,61 293 S, =S H—L 98% 115
2.44 So —S1 H=L 92% 2.51 3.07 S; —So H—L 98% 1.18

27 sgaqoigozh 20 SooSyHOLR204% ol 222 012 S, —S H—-L98% 3893
1.65 So —+S1 H=L 55% 2.39 0.25 S1 —=+So H=L 95% 15.78

1 0- 517 4643 441 2.33 So —+S1 H—L 88% 575 5468 540 2.15 2.89 S; —+So H=L 97% 1.72
2.67 So —+S1 H—=L 89% 2217 3.17 S1 —+So H=L 95% 1.41

4In DMF, bexperimt;—:ntal results. 191

As is well known, optical properties strongly depend on
the intramolecular charge transfer (ICT). The charges in a
molecule will redistribute when the molecule is excited from
the ground state to the excited state. In order to obtain a better
understanding of the ICT process, we plot the charge density

difference between the ground state and the first excited state

(see Fig. 3). From Fig. 3, one can see that there exists a lo-
cal charge transfer in HPBO group, namely, electrons transfer
from hydroxyphenyl to benzoxazole for the free molecules.
Molecules 1, 2, and 3 are observed as a typical D—z—D con-
figuration, and their optical properties are determined by the

donating ability of the terminal group. The process combining
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zinc ions or deprotonating enhances electron donating capa-
bilities of the terminal groups, which further leads to change
of electronic structure of the molecules. As a result, their op-
tical absorption and emission properties are modulated. It is
shown in Fig. 3 that the charge transfer profile has a consider-
able change upon combining with zinc ions or deprotonation.
Charge transfer in the complex 3—Zn from the end substituents
to the m-center is enhanced, while the electrons in 2—Zn are
transferred from the —OZn group to the other side, showing a
dipolar characteristic. Upon deprotonation, charge transfer in
the complex 3—O~ is very intensive, owing to the strong donor
—O7~. The electron donating abilities of the terminal groups are
deduced to be in the order of O~ >-0Zn>-OH/-OCH;R.
The intramolecular charge transfer is thus recognized to be the

mechanism of the probe.

2 (So*}Sl)

3—Zn (S()—)Sl)

2—7Zn (So—)Sl) 3—0~ (So—)sl)

Fig. 3. Charge variations between charge transfer states and ground
states of each molecule. The white and black areas represent electron
gain and loss, respectively.

3.3. Two-photon absorption properties

The calculated TPA properties, including TPA cross sec-
tions and the corresponding TPA wavelengths of the low-
est six excited states in DMF solvent, are shown in Ta-
ble 5. The maximum TPA cross sections for free molecules
1, 2, and 3 are 3885 GM, 5400 GM, and 5614 GM
(1 GM=10" cm4-s/ph0t0n), which are located at 640 nm,
647 nm, and 647 nm, respectively. It is seen that TPA abili-
ties are enlarged with the increase of the number of the HPBO
groups, which shows the same trend as the experimental mea-
surement.

When free molecules are combined with zinc ions and de-
protonated, both the values and the location of the maximum
TPA cross sections have an obvious variation. The maximum
TPA cross section of 2—Zn is reduced to 4337 GM, which is in
agreement with the experimental result. The reduction is pos-
sibly attributed to the molecular electrical change, in which
molecule 2 is changed from a quadripolar system to a dipo-
lar one after bonding with the zinc ion. Generally speaking,
the TPA ability of a quadripolar compound is better than that

of a dipolar compound.?! The maximum TPA cross section

of 3-Zn is 6052 GM at 673 nm, which is larger than that of
molecule 3. When free molecule 3 is deprotonated, the max-
imum TPA cross section of 3—O~ takes the largest value of
6338 GM at 824 nm. This results from the enhanced elec-
tron donating ability of the terminal groups as the hydroxy
form (—OH) is transformed into the phenolated form (-O7).
In short, HPBO-containing compounds 2 and 3 can be used as

TPF probes for zinc ions and pH.

Table 5. TPA cross sections Oy (GM =10"% cm4~s/ph0t0n) and
TPA wavelengths Ay, (nm) of the lowest six excited states in a DMF
solvent.

Molecule ~ Ap/mm  6yp/GM Molecule  Ap/nm  0p/GM
1 760 1 3 762 4
694 660 725 100
683 15 723 25
640 3885 647 5614
609 457 629 0
603 0 627 366
1202 5307
2 766 3 3-Zn 803 34
727 78 794 54
700 242 777 10
647 5400 706 187
630 199 704 36
615 101 673 6052
430? 4708
2-7n 797 56 3-0~ 928 1
777 748 824 6338
696 257 790 4293
657 440 782 201
652 4337 718 3
616 625 710 324
270? 41202

2Experimental results.1]

4. Summary

The OPA, emission, and TPA properties of 2-(2'-
hydroxyphenyl)benzoxazole- containing chromophores are
theoretically studied at the DFT level. The mechanisms of
the zinc ions and pH probes are analyzed. When the free
molecules are combined with zinc ions and deprotonated, their
BLA values are reduced and their terminal groups show en-
hanced electron donating capabilities. Both the maximum
OPA wavelengths and emission wavelengths show drastic red
shifts when combining with zinc ions or deprotonation takes
place, and the complex 3—Zn has a longest emission lifetime of
15.78 ns. TPA abilities are enlarged as the number of HPBO
groups increases, which shows the same trend as the experi-
mental measurement. Both the values and the locations of the
maximum TPA cross sections each have an obvious variation
as the free molecules bind to zinc ions and molecule 3 is de-
protonated. Overall, the molecules containing HPBO groups

are proven to be sensitive to zinc ions as well as pH values,
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and their recognition mechanism is the intramolecular charge

transfer. These results suggest that these compounds are ex-

cellent candidates for two-photon zinc ion and pH probes.
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