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Abstract: The application of two-photon absorption (2PA) materials is a classical research field and
has recently attracted increasing interest. It has generated a demand for new dyes with high 2PA
cross-sections. In this short review, we briefly cover the structure-2PA property relationships of
organic fluorophores, organic-inorganic nanohybrids and metal complexes explored by our group.
(1) The two-photon absorption cross-section (J) of organic fluorophores increases with the extent of
charge transfer, which is important to optimize the core, donor-acceptor pair, and conjugation-bridge
to obtain a large 4 value. Among the various cores, triphenylamine appears to be an efficient core.
Lengthening of the conjugation with styryl groups in the D-n-D quadrupoles and D-r-A dipoles
increased 6 over a long wavelength range than when vinylene groups were used. Large values
of 6 were observed for extended conjugation length and moderate donor-acceptors in the near-IR
wavelengths. The § value of the three-arm octupole is larger than that of the individual arm, if the
core has electron accepting groups that allow significant electronic coupling between the arms;
(2) Optical functional organic/inorganic hybrid materials usually show high thermal stability and
excellent optical activity; therefore the design of functional organic molecules to build functional
organic-inorganic hybrids and optimize the 2PA properties are significant. Advances have been
made in the design of organic-inorganic nanohybrid materials of different sizes and shapes for
2PA property, which provide useful examples to illustrate the new features of the 2PA response
in comparison to the more thoroughly investigated donor-acceptor based organic compounds and
inorganic components; (3) Metal complexes are of particular interest for the design of new materials
with large 2PA ability. They offer a wide range of metals with different ligands, which can give rise to
tunable electronic and 2PA properties. The metal ions, including transition metals and lanthanides,
can serve as an important part of the structure to control the intramolecular charge-transfer process
that drives the 2PA process. As templates, transition metal ions can assemble simple to more
sophisticated ligands in a variety of multipolar arrangements resulting in interesting and tailorable
electronic and optical properties, depending on the nature of the metal center and the energetics of the
metal-ligand interactions, such as intraligand charge-transfer (ILCT) and metal-ligand charge-transfer
(MLCT) processes. Lanthanide complexes are attractive for a number of reasons: (i) their visible
emissions are quite long-lived; (ii) their absorption and emission can be tuned with the aid of
appropriate photoactive ligands; (iii) the accessible energy-transfer path between the photo-active
ligands and the lanthanide ion can facilitate efficient lanthanide-based 2PA properties. Thus, the above
materials with excellent 2PA properties should be applied in two-photon applications, especially
two-photon fluorescence microscopy (TPFM) and related emission-based applications. Furthermore,
the progress of research into the use of those new 2PA materials with moderate 2PA cross section in
the near-infrared region, good biocompatibility, and enhanced two-photon excited fluorescence for
two-photon bio-imaging is summarized. In addition, several possible future directions in this field
are also discussed (146 references).
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1. Introduction

In 1931, the concept of the two-photon absorption (2PA) process was first proposed by
Goppert-Mayer (1906-1972) in her doctoral dissertation [1], which was supervised by Max Born,
a Nobel laureate and one of the most distinguished physicists in the twentieth century. In 1961, one
year after the invention of the first laser device [2], Kaiser and Garrett reported the first observation
of a 2PA-induced frequency-upconversion fluorescence in a GaFy:Eu?* crystal sample, excited by the
intense coherent radiation of 694.3 nm wavelength from a pulsed ruby-crystal laser [3]. This was
the first experimental confirmation of the prediction given by M. Goppert-Mayer 30 years before.
Since then, a new major research area of two-photon and multiphoton processes has been opened to
scientists and engineers. The main difference between one-photon absorption (1PA) and two-photon
absorption (2PA) is that 2PA involves the simultaneous interaction of two photons, and so it increases
with the square of the light intensity, whereas 1PA depends linearly on the intensity. This is the reason
why 2PA is only observed in intense laser beams, particularly focused pulsed lasers, which generate a
very high instantaneous photon density. Most of the applications for 2PA result from this intensity
dependence. Two-photon absorption (2PA) is a way of accessing a given excited state by using photons
of half the energy (or twice the wavelength) of the corresponding one-photon transition, thus leading
to other applications.

There is now a strong demand for efficient 2PA dyes for a wide range of applications, including
microscopy [4-13], micro-fabrication [14-16], three-dimensional data-storage [17,18], up-converted
lasing [19,20], and photodynamic therapy [21-23]. Recently, this demand has been matched by rapid
advances in the design and synthesis of 2PA dyes [24-34]. This field has been comprehensively
reviewed [35-40]. Here we identify the key principles and emerging structure-property relationships,
and illustrate these concepts by comparing the behavior of selected chromophores which have been
reported by our group. We conclude by discussing the design of two-photon dyes for the most
prominent bio-applications. Due to the limited length of this review, only representative examples will
be presented, the other related work will be listed in references as thoroughly as possible and readers
are encouraged to consult these references for further information.

2. Measurement Methods

The 2PA cross-section () is the most commonly used parameter for characterizing 2PA
fluorophores; § values can be strongly influenced by the measurement techniques. The two main
techniques for measuring 2PA cross-sections are known as Z-scan technique and two-photon excited
fluorescence (2PEF). The other techniques which provide less direct information on 2PA cross-sections
(such as degenerate four-wave mixing) or which are less widely used (such as the white-light
continuum method, fs-WLC) are beyond the scope of this review.

2.1. The Z-Scan Technique

The Z-scan technique involves moving a sample along the path of a focused laser beam and
measuring the light intensity at the detector as a function of its position along this z-axis, as summarized
in Figure 1 [41]. If the detector has a narrow aperture (as in the so called “closed-aperture” setup),
then the output is sensitive to intensity-dependent changes in the refractive index (as a result of
third-order nonlinear polarizability or thermal effects) which lead to self-focusing or defocusing of
the beam. Alternatively, if the detector collects all the light from the sample (“open-aperture” setup),
then the output only reflects the intensity-dependent transmission, and can be used to measure 2PA



Materials 2017, 10, 223 3 of 37

cross-sections. Two effects other than true simultaneous two-photon absorption can contribute to the
apparent 2PA cross-sections measured by open-aperture Z-scan experiments [42].

sample detector
laser lens o - I
Z-axis aperture

Figure 1. Experimental setup for the Z-scan experiment.

(1) Light can be lost due to self-defocusing (if the aperture of the detector is too narrow or too far
from the sample) or because of nonlinear scattering; this results in extra contributions to the
apparent nonlinear absorption.

(2) A built up of excited-state populations (by either one-photon or two-photon absorption) can lead
to nonlinear transmission through excited-state absorption (ESA). The contribution from ESA
can be reduced by the use of wavelengths where there is negligible 1PA, very short laser pulses
(<1 ps), and low repetition rates; a repetition rate of less than 1 kHz may be needed to allow
excited triplet states to fully decay between pulses.

The Z-scan technique is very useful for probing nonlinear transmission and for characterizing
nonlinear refraction (using a closed aperture). However, the two problems mentioned above cannot be
avoided which could lead to enhance the apparent 2PA cross-section. For example, it has been shown
that thermal lens effects can lead to substantial artifacts in 2PA cross-sections measured by the Z-scan
technique, even when using femtosecond pulses, a 1 kHz repetition rate, and a wavelength at which
there is negligible one-photon absorption.

2.2. Two-Photon Excited Fluorescence Method (2PEF)

The 2PEF provides direct information on the efficiency of 2PA. Several variants of this experiment
have been developed since it was first reported by Xu and Webb [43]. And the 2PEF technique has been
optimized extensively by Rebane, Drobizhev, and co-workers [44]. Recently, they reported accurate
reference 2PA spectra for a wide range of commercially available dyes, thus making the 2PEF method
particularly attractive [45].

The 2PA cross-section § values of samples were determined by the following Equation:

O X Fs X ¢pr X Cp X 11y
0 =
E X ¢ps x Cs X 1

Here, the subscripts ref. stands for the reference molecule, J is the 2PA cross-section value, c is
the concentration of solution, 7 is the refractive index of the solution, F is the 2PEF integral intensities
of the solution emitted at the exciting wavelength, and ¢ is the fluorescence quantum yield. The &
value of the reference was taken from the literature [46,47].

The 2PEF experiments (Figure 2) require the use of a pulsed laser, typically about 100 fs, although
in contrast to the Z-scan method, the accuracy of ¢ values from 2PEF is not strongly dependent on
the pulse width [48]. As with most fluorescence measurements, a dilute solution is used (with an
optical density of about 0.1), so small amounts of material are required. The intensity of the 2PEF
signal increases with the square of the laser intensity; it is important to check this quadratic power
dependence, to avoid overestimating the J value because of fluorescence contributions from 1PA. Thus,
two limitations of this technique are: (1) it cannot be applied in spectral regions with one-photon
absorption and (2) the sample must be photo-luminescent. However, the first of these restrictions is
general to all techniques for measuring reliable two-photon cross-sections. The second restriction can be
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overcome in some cases by quantifying a secondary photochemical process, such as the luminescence
generated by energy transfer from the 2PA-generated excited state of the chromophore. In practice,
2PA cross-sections from Z-scan measurements (even using femtosecond pulses) often appear to be
exaggerated when compared with 2PEF values [49,50]. Here we focus, where possible, on values
from femtosecond two-photon fluorescence (fs-2PEF). The errors in the determination of the 2PA
cross-sections are generally greater than 10%, even under the best experimental conditions.

Laser

Ti:Sapphire lens

Imaging
spectrography

Computer PMT

Figure 2. Experimental setup for two-photon fluorescence intensity at different excitation wavelengths.

3. Design Strategies, Structure-Property Relationships, and Biological Applications

3.1. Organic 2PA Fluorophores

Extensive research has been conducted to develop organic materials with large 2PA cross sections
for possible applications in optical limiting, nano-fabrication, photodynamic therapy, and optical
imaging [51,52]. The results of structure-property relationship studies have established that the 2PA
cross sections (&) of donor-acceptor (D-A) dipoles and D-7-D and D-A-D quadrupoles can be increased
by using strong D-A groups while maintaining the planar structure to facilitate intramolecular charge
transfer (ICT). Based on the discussion of the molecular design for small organic 2PA systems in the
preceding section, organic molecules that show two-photon activity can be grouped into three general
classes: (i) dipolar, A-n-D; (ii) quadrupolar, A-ni-A; D-ni-D; A-ni-D-ni-A; D-ni-A-m-D; and (iii) octupolar;
3-branched, A3-(D-core) and D3-(A-core). Many research groups have synthesized and characterized
2PA-active materials more or less along these guidelines of molecular design, and there is also an
inherent difficulty in comparing 2PA cross section results obtained from different measurement
techniques and under different experimental conditions.

3.1.1. Pyridinium Derivatives

The ¢ values of the pyridinium derivatives (1-10) [53-57] increased as the conjugation length
was increased by styryl groups, reaching the maximum ¢ value of 309 GM for 6 and the minimum &
value of 14.8 for 5 (Figure 3, Table 1). When the conjugation length was increased by a styryl group
(6 vs. 1-5, the ¢ value increased more than three-fold. The molecular structures indicated that 1-5
are D-ni-A dipoles, whereas as 6 is a A-n-D-n-A quadrupole. § changes little due to the similar donor
ability when the donor was changed from Me to n-Bu group (1-4, 7 and 8). Whereas the OC4Hg group
in the core increase ¢ value significantly, presumably due to the auxiliary electron donating property
leading to enhanced ICT. On the other hand, Cl atom at the terminal position signicantly decreased J
values (5 vs. 1-4 and 6), indicating the importance of donating ability in two-photon materials. From
7 to 9, the growth of the alkyl chain increases the electron density of the bridge, favoring the ICT
along the extended 7r-bridge from terminal donor to acceptor group. In the case of 9, the presence of
two methoxyethoxyethyl groups enhances the steric bulk which can hinder 7-7t stack. Therefore we
inferred that not only the electron donating ability of the terminal group impacts the 2PA behavior but
the steric bulk as well, that is to say, the steric bulk of the electron-donating terminal group plays a
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major role in 2PA behavior. As observed for sulfonate salts, the J value increased with the accepting
ability compared to methyl pyridinium. (2, 4 vs. 7, 8). The 4 value of 10 was four times larger than
that of sulfonate salts when the accepting ability of the terminal group was further increased by the
stilbazolium group. This result shows the importance of strong ICT over a suitable donor, acceptor,
and conjugated length to achieve a large two-photon cross section. Moreover, 9 shows dmax values
above 100 GM by using the optical excitation wavelength at 960 nm, which are the most attractive
features for its utility as a biological probe.
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Figure 3. Molecular structures of 1-10.

Table 1. Photophysical data of 1-10.

Compounds Amax 2 (nm) Amax P (nm) Amax ¢ (nm) Amax 4 (nm) o€
1 471 603 621 1064 134
2 482 601 627 1064 122
3 486 604 627 1064 136
4 486 605 625 1064 123
5 426 521 586 760 14.8
6 340 585 615 750 309
7 480 603 598 960 48
8 485 606 598 960 57
9 474 597 600 960 115
10 472 595 620 960 517

2 Absorption peak position in nm (1 x 107> mol-L~1); ® Peak position of SPEF (Single Photon Excited Fluorescence)
in nm (1.0 x 107® mol-L™!), excited at the absorption maximum; ¢ 2PEF (Two-Photon Excited Fluorescence)
peak position in nm pumped by femtosecond laser pulses at their maximum excitation wavelength; 9 2PA
(Two-Photon Absorption) maximum excitation wavelength; ¢ 2PA cross section in GM Goppert-Mayer units
(1GM = 100 cm*s-photons~!-molecule ). Solvent: DMF (Dimethyl Formamide).

3.1.2. Pyrimidine Derivatives

Pyrimidine derivatives were intensively investigated as electron luminescent materials in
the past [58,59] owing to the m-electron deficient and planarity they provide. The compound
4,6-dimethylpyrimidine was selected as the central unit, which allows tuning of the electronic
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delocalization along the conjugated backbone in the ground state by modulation of the twist angle
between the two halves of the molecules [60].

Figure 4 and Table 2 show the values of  of chromophores 11-21 in dimethylformamide (DMF).
As noted from Table 2, increasing the strength of electron-donating end-groups results in a pronounced
enhancement of the 2PA cross sections in the NIR region. The highest values of J are 8 for 11, 10 for 12,
498 for 13, and 104 for 14 [61]. A similar effect is observed by increasing the branch number, the 2PA
cross-sections show the sequence: 17 > 16 > 15 [62]. Compared with 15, 16 bearing the much larger
2PA cross-section may imply that extending the 7-conjugation domain, accomplished by increasing
the number of branches of a chromophore molecule based on the structural motif of a multi-branched
olefin, could be a useful approach toward enhanced nonlinear absorptivities [63,64]. With respect to
17, an oxygen atom as the linkage was adopted to combine the 1,3,5-triazine core with substituents to
accomplish a large 2PA cross-section (1885 GM), however the 2PA cross-section of 17 is much lower
than three times the cross-section of 16. There is no obvious enhancement when going from 16 to 17,
not even an additive effect. It is to be noted that the pyrimidine derivatives of 18 and 19 having hexyl
and methoxyethoxyethyl as the end donor groups have been studied as two-photon sensors for metal
ions in CH3CN-H,O [65]. The 18 + Fe3* system shows a 20-fold 2PA enhancement in response to
EDTA, as well as the 19 + Cu®* system which shows an approximately 7-fold 2PA enhancement in the
presence of EDTA. Further cell TPM micrographs showed these two novel probes could selectively
detect Fe’* and Cu?* in live cells in a very sensitive way without interference from the other metal
ions, shown in Figure 5. Comparison of the 2PA properties reveals the relative efficiency of the cores.
The values of J of 21 are smaller than 20 [66], understandably due to the acceptors linked to the cores
(Figure 4). ¢ increased by six times, when the core was changed from pyrazolyl (20) to imidazolyl (21).
This indicates that the relative efficiency of the core in the D-n-A-n-D quadrupoles decreases in the
order, -OH > pyrazolyl > imidazolyl, which are prone to the ICT progress in the D-n-A-n-D system,
leading to stronger 2PA.
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Figure 4. The molecular structures of 11-21.
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Table 2. Photophysical data of 11-21.

Compounds Amax 2 (nm) Amax P (nm) Amax € (nm) Amax 4 (nm) o€
11 380 457 495 720 8
12 402 443 483 740 10
13 452 566 572 820 498
14 406 520 570 800 104
15 416 529 550 870 151
16 471 573 600 830 1319
17 460 569 590 800 1885
18 480 630 610 820 375
19 451 600 590 840 216
20 458 561 560 840 742
21 459 561 562 840 170

2 Absorption peak position in nm (1 x 107> mol-L~1); ® Peak position of SPEF in nm (1.0 x 10~° mol-L ™), excited
at the absorption maximum; ¢ 2PEF peak position in nm pumped by femtosecond laser pulses at their maximum
excitation wavelength; d 2PA maximum excitation wavelength; ¢ 2PA cross section in GM. Solvent: DMF.
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} & &

CCP+Fe®*+EDTA

2004
2 [

COP+Cu?*

200

100

Fluorescence Intensity

COP+Cu?*+EDTA

N
g

Fluorescence Intensity

Figure 5. (a) One and two-photon florescence image of HepG2 cells with 18 in the presence of
Fe?* (Aex = 840 nm, emission wavelength from 575 to 675 nm); (b) One and two-photon florescence
image of HepG2 cells with 18 in the presence of Fe3* and EDTA (Aex = 840 nm, emission wavelength
from 575 to 675 nm); (c) One and two-photon florescence image of HepG2 cells with 19 in the presence
of Cu?* (Aex = 820 nm, emission wavelength from 575 to 675 nm); (d) One and two-photon florescence
image of HepG2 cells with 19 in the presence of Cu?* and EDTA (Aex = 820 nm, emission wavelength
from 575 to 675 nm); (e-h) Normalized fluorescence intensity analysis corresponding to (a—d), cell
number n = 30, one-way ANOVA was used for statistical analysis for independent experiments,
p <0.005.
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3.1.3. Triphenylamine Derivatives

P. N. Prasad, firstly reported that multi-branched structure significantly increases the 2PA cross
section in comparison to the single-branched counterpart [67]. In the past decade, triphenylamine has
been extensively employed as the core due to its capability of extending the conjugation length through
the propeller structure [68-72]. Comparison of the 2PA properties reveals the relative efficiency of the
cores. The J values for 25 [73] and 26 [74] are smaller than 22, 27, and 28, understandably, due to the
twisted D-A structures and different donor groups (Figure 6, Table 3). When the core was changed from
triphenylamine to the triphenylamine vinylene group, Amax (2PEF) was red-shifted by more than 20 nm
and ¢ increased a lot. This indicates that the relative efficiency of the core in the D-7-A dipoles increases
in the order, 30 > 31. On the other hand, CN groups at the vinylic positions significantly influence §
values (29 [75] vs. 22-28), indicating the importance of planarity in two-photon absorption materials.
The change of the end groups from terpyridine to aniline decreased the J value more than three fold (32,
33 [76] vs. 30, 31) with a concomitant blue shift in Apax (2PEF). This indicates that ICT is more efficient
in D-n-A dipoles than in D-n-D quadrupoles, hence a stronger 2PA. The value of ¢ for 34-39 [77]
increased from 660 to 9398 GM as the amount of branching increased. A theoretical study revealed that
such an enhancement is mainly caused by the vibronic coupling [78]. The electronic coupling is weak,
probably because the central amino group is used as the connecting unit, which breaks the conjugation
of the whole network. On the other hand, increasing the length of the conjugation bridge will increase
the density of state, providing more effective coupling channels, which would in turn increase the 2PA
cross section. A similar result was observed in the pyrimidine-triphenylamine derivatives (40, 41 [79]).
Incorporation of hetero-cyclic rings into the triphenylamine system caused a significant blue-shift in
the absorption, emission and two-photon absorption maxima (Amax (2PEF)) (42, 43 [80] vs. 44-49 [81]),
possibly due to the reduced planarity around the double bond. However, except for the lower quantum
yield in the heterocyclic analogs, no systematic change was observed in the § values. As observed in
most D-A-D quadrupoles, the J value increased by changing the stronger donor strength, ethyloxy
triphenylamine as the terminal group (42 vs. 43).
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Figure 6. The molecule structures of 22-49.
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Table 3. Photophysical data of 22-49.

Compounds Amax 2 (nm) Amax P (nm) Amax € (nm) Amax 4 (nm) o€

22 286, 357 487 525 720 434

23 276,327, 406 - - 760 (Z-scan) 415 (Z-scan)
24 276, 327,409 - - 760 (Z-scan) 462 (Z-scan)
25 277,352 446 495 720 179

26 286, 369 526 575 750 70

27 285, 370 485 580 750 295

28 285, 375 487 574 750 308

29 338, 429 494 - 690 (Z-scan) 7938 (Z-scan)
30 294, 526 526 562 720 2869

31 290, 360 505 520 840 1019

32 370 470 500 690 327

33 412 500 550 700 394

34 347,438 570 605 940 660

35 349, 449 583 608 940 999

36 348, 484 591 613 860 1830

37 350, 497 602 620 880 2087

38 355, 484 596 623 860 5382

39 355, 499 602 629 860 9398

40 295, 410 548 566 890 121

41 297,442 569 603 890 138

42 374 417 442 720 220

43 374 478 528 700 777

44 396 517 536 780 623

45 387 498 527 780 595

46 387 495 510 780 285

47 398 509 522 780 392

48 397 505 530 780 287

49 388 503 523 780 190

2 Absorption peak position in nm (1 x 107> mol-L~1); P Peak position of SPEF in nm (1.0 x 107% mol-L~1), excited
at the absorption maximum; ¢ 2PEF peak position in nm pumped by femtosecond laser pulses at their maximum
excitation wavelength; d 2PA maximum excitation wavelength; ¢ 2PA cross section in GM. Solvent: DMF.

3.2. Organic-Inorganic Nanohybrids

Over the past few years, increasing attention has been devoted to understanding the interactions
between organic and metallic components in organic-metal nanohybrids [82-85], which can greatly
improve the overall application performance of the nanohybrids, combine different properties into
one material (such as electronic, magnetic, optical properties, and so on), and bring about new
physical and/or biological properties [86,87]. Moreover, it has long been known that the structures
at the organic-metal interface have some important influence on the properties of the nanohybrid.
As a consequence, the interaction mechanisms between the different components in nanohybrids
are important for understanding the functions of these materials and for the rational design of a
functional nanohybrid. Cohanoschi et al. [88] observed strong surface plasmon enhancement of 2PA
of chromophores in solution containing gold colloid. Marder and co-workers [89,90] also observed
strong enhancement of the 2PA of organic molecules near silver nanoparticle fractal clusters, and this
enhancement effect was manifested in the composite materials with very strong 2PA. Prasad and
co-workers [91-94] reported a novel class of dye-concentrated composite nanoparticles with enhanced
2PA by nano-aggregation. Our previous work [95] found enhanced 2PA by combination of the large
organic salt with CdS nanoclusters. This field has been growing rapidly during the past ten years due
to the realization of the two-photon technologies as mentioned above and improved characterization
methods. All these interesting results are of scientific significance and technical potential.

In 2009, we utilized a facile solvothermal reaction process toward the target Zn(II) complex. ZnS
nanocrystals were used as both a zinc source and sulfur source [96]. The selected bulky organic ligand
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was N-hexyl-3-{2-(4-(2,2":6,2”-terpyridin-4’-yl)phenyl)ethenyl}-carbazole (labeled as L in Figure 7).
The bulky L is a highly 7r-conjugated chromophore, which contains a terpyridinyl tridentate chelate
group [97], a two-photon active carbazole moiety [98], a flexible hexyl chain, and a phenylethenyl
group as a m-conjugated bridge. Significantly, the two sulfur atoms in the complex are identical
in the minus one oxidation state (S'~) and coordinated to Zn(Il) as terminal ligands, which was
unknown previously in Zn(II) complexes. The unique feature in this new reaction design is the use
of ZnS nanocrystals as a precursor and chromophoric L as an ancillary ligand. In the measured
range (700-900 nm), the maximal 2PA cross section (J) is 105.2 GM at 820 nm, which is suitable in the
biological field. Two-photon fluorescence microscopy (2PFM) confirmed that the molecules of Zn(S),L
(50) are presented within the cells, the cytoplasmic distribution is more uniform, and the distribution
in the nucleolus is significantly lower. This result demonstrates that the observed cytoplasm uptake
must be due to the presence of the intact Zn(S),L (50) complex. Thus, the novel structural mode of the
Zn(S);L complex and its 2PEF imaging should be intrinsically interesting to chemists, biologists, and
material scientists. Particularly, the versatility of the two unsaturated coordinated sulfur atoms could
be expected to endow Zn(S),L (50) significant promise not only for biomedical applications but also
as a “complex” ligand for the surface modification of nanomaterials, even for the synthesis of novel
hetero metal complexes.
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Figure 7. (a) The structure of 50 (b) Two-photon (200 fs, 76 MHz Ti: sapphire laser) absorption cross

section (J) of 50 in DMF versus excitation wavelengths with 380 mw power (c) 2PEF image of HeLa
cells with excitation at 800 nm.

Based on the above work, a novel nanostructure material (51, Figure 8) [99] was designed by the
terminal sulfur of the S ((E)-3-(4-([2,2":6/,2”-terpyridin]-4’-yl)styryl)-9-hexyl-9H-carbazole Zn(SCN),
complex) modified with Nano gold. It could be used to target mitochondria under two-photon laser
confocal microscopy, due to the energy of laser irradiation gained from the absorbed photons to be
dispersed as excess heat to the neighboring particles and thus to induce their fusion, compared with
free complex. Fortunately, 51 has been obtained with longer lifetime, two-photon absorption (2PA)
coefficient (), 2PA cross section (6), nonlinear refractive index () and third-order nonlinear optical
susceptibility (x®) than the original complex in the near-infrared region (NIR) (Table 4), due to the
laser irradiation induced charge transfer from the complex to the gold nanoparticles. Compound 51
can be successfully applied as a two-photon fluorescent probe for labeling the cellular mitochondria in
HepG2 cells.

Of late, the functional precursor of the dye-concentrated nanoparticles (DCNs) (52) [100] was
synthesized by covalent linking between 16 and a silane unit 3-isocyanatopropyltriethoxysilane (ICTES)
(Figure 9a). We have demonstrated that 52 results in a solid holding of the linear optical properties
of the dye, which demonstrates the utility of using the silica particles as a tool for concentrated
dyes. The ¢ of the free dye is negligible in the absence of DCNs but is strongly enhanced in DCNs
(6 = 284 GM) (Figure 9b). It should be mentioned that dye 16 does exhibit a cross-section of 1319 GM,
whereas nanoparticles exhibit a cross-section of 284 GM. Therefore, there is really a 4-fold decrease
when incorporating dyes 16 within nanoparticles, even if the cross-section of the intermediates is
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negligible. It is worth noting that the J value of 52 exceeds that of many fluorophores widely used in
biology, including fluorescein, BODIPY, DAPI, and GFP [101]. The functional DCNs (52) act as a guide
to the design of more efficient 2PA materials correlating well with the presence of organic chains in the
host inorganic framework as well as applicable to a broad range of modified fluorophores widely used

in biology.

Figure 8. The synthesis route of S-Au NPs (51).

Table 4. Open- and closed-aperture Z-scan measurement data for the third-order nonlinearity
parameters of S, S-Au NPs (51) in DMF with 103 M concentration.

Non-linearity Parameters S S-Au NPs Au NPs
Amax @ (nm) 790 790 790
B (cm-GW~1) 0.11 0.14 0.069
5 (GM) 4595 5849 2874
7 (cm?-GW1) (x10~14) 4.62 5.19 -
Re(x®) [esu] (x10714) 2.40 2.69 -
Im(x®) [esu] (x10~16) 3.59 4.60 -

2 Best nonlinear absorption wavelength.
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Figure 9. (a) Schematic representation of the preparation progress of dye-concentrated nanoparticles
(DCNs) (52); (b) 2PA cross section of dye and DCNs in DMF versus excitation wavelengths from 720 nm

to 860 nm in DMFE.

Silver NPs have been widely studied in a number of applications such as catalysis [102],
photocatalysis [103], sensing [104], surface enhanced Raman scattering (SERS) [105,106] and biomedical
fields [107-110]. Silver in low concentration is nontoxic to human cells. Since ancient times,
silver has been extensively employed to control spoilage and light infections. In recent years,
the antibacterial and antiviral actions of Ag NPs have been thoroughly investigated [111]. Moreover,
the physical, chemical, and biological properties of Ag NPs can be designed and tuned by changing
the size, shape, and surface agents. Thiols, carboxylates, amides, imidazoles, indoles, hydroxyls,
and DNA oligo-nucleotides [112,113] are common organic compounds utilized to prepare Ag-based
nanostructures, among which the interactions between Ag and S atoms are very strong. As mentioned
in the last section, we have devoted considerable effort to select organic building blocks for enhanced
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two photon absorption properties. However, little literature has reported the dye/Ag nanohybrid used
as two-photon (2P) probes for specific applications, such as biological imaging by using 2PFM [114,115].
Thus, there is a vast space to develop efficient dye/Ag nanohybrid 2P probes with large 2PA for in vivo
2PFM imaging.

Considering all the above aspects, 2-(4-(dihexylamino)-benzylidene)-malononitrile (L)
(Figure 10) [116], was used to couple with AgNCs, as the hexyl chain could be employed as both
electron-donor unit and a flexible chain to increase the solubility of the compound. The dicyano
group was used as an electron-acceptor unit, and the two units were linked by a vinyl bond to form
a D-m-A structure. L coupled with Ag through electron-acceptor units to form the nanohybrid (53),
which consisted of AgNCs approximately 20 nm in diameter uniformly dispersed on the surface of
nanorods of L. The hybrid then self-assembled to form nanorods. The coupling effect also resulted
in enhancement of a series of nonlinear optical properties, including 2PEF, 2PA cross section (5), 2PA
coefficient (), nonlinear refractive index (y), and third order nonlinear optical susceptibility (x®)
(Table 5). The enhanced two photon fluorescence of the nanohybrid (53) was proven to be useful for
2PFM imaging in live cells, such as HepG2. The results show that the nanohybrid is cell-permeable
and suitable for cytoplasm staining and uptake.

Figure 10. (a) Schematic representation of L; (b) SEM (Scanning electron microscope) micrograph of L
nanorods prepared from EG (ethylene Glycol) solution; (c) SEM micrograph of the nanohybrid (53);
(d) Two-photon fluorescence Image of HepG2 cells incubated with 20 um of 53 for 30 min, then washed
with PBS. Aex = 760 nm (emission wavelength from 520 to 562 nm).

Table 5. Open- and closed-aperture Z-scan measurement data for the nonlinearity parameters of L
nanorods and the nanohybrid 53.

Non-Linearity Parameters L Nanorods Nanohybrid 53
Amax @ (nm) 800 840
B (cm-GW~1) 0.58 1.60
5 (GM) 1353 5731
9 (cm?-GW™1) 5.81 x 10716 1.10 x 10714
Re(x®) [esu] 3.01 x 10714 5.70 x 10713
Im(x®) [esu] 1.07 x 1077 5.07 x 1077

2 Best nonlinear absorption wavelength.

3.3. Metal Complexes

3.3.1. Lanthanide-Diketonates

Lanthanide-diketonates are complexes of B-diketone ligands (1,3-diketones) with lanthanide ions.
These complexes are the most popular and the most intensively investigated luminescent lanthanide
coordination compounds. Their popularity is partially because many B-diketones are commercially
available and the synthesis of the corresponding lanthanide complexes is relatively easy as well because
of their excellent luminescence properties. In several reviews on luminescent lanthanide compounds,
the B-diketonate complexes are described [117,118]. Because of their frequent use in lanthanide-based
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luminescent hybrid materials, some of the general properties of the lanthanide B-diketonate complexes
will be discussed in this section. A difference is made between the S-diketone and the corresponding
B-diketonate ligand which is obtained by deprotonation of the S-diketone. The europium (Eu(Ill)) and
lanthanum (La(IIl)) B-diketonate complexes often show an intense luminescence, the luminescence
intensities are strongly dependent on the type of B-diketone and on the type of complexes. However,
ultra-violet light is usually used for the sensitization of lanthanide complexes, which limits the
investigation depth and presents some phototoxicity due to inherent features of this high energy
excitation. Acknowledgedly, the 2PEF technique is desirable to overcome this obstacle whose light
located in the near-IR range provides higher resolutions, lower photodamage, and photobleaching
in imaging. Therefore, developing the two-photon sensitizable lanthanide complexes could combine
precisely the above advantages into one probe. To achieve effective two-photon sensitized luminescent
probes, the “antennae” with efficient 2PA for light-harvesting are needed to overcome the poor
extinction coefficients of the lanthanide ions caused by the symmetry-forbidden nature of the
inner-shell {-f Transition [119,120]. Initially, the “antenna” effects were utilized to sensitize the
luminescence of Eu(Ill) and La(Ill), which were to explore directly the cellular uptake and localization
characteristics in live cells. A list of the most often used B-diketones in our group is given in Figure 11.
These intrinsic biological fluorophores chelated to Eu(Ill) and La(Ill) generally give moderate 2PA
activities, whereas they provide a new challenge to make new two-photon-sensitizable lanthanide
probes for bio-imaging. The excitation power dependence was examined for 700-810 nm and used
in the subsequent determination of the 2PA cross-sections (J), which shows that the Eu(THA)3;Phen
(54) [121] is considered to have high efficiency in two-photon sensitization (Figure 12). The maximum
6 value is estimated to be 80 GM at 720 nm, and notably, the experimental points of 2PA spectra agree
with the wavelength-doubled linear absorption spectra of HTHA, which indicates that the sensitized
luminescence at 614 nm is attributed to europium [122]. In fact, the THA anion is a two-photon
absorber that partakes in energy transfer to the lanthanide, which is the emitter. Additionally, it
functions as a luminescent cellular DNA stain being successfully taken up by live MCF-7 cells and
clearly displaying nucleus structure. As presented in this work, 54 combines the advantages of
two-photon sensitization and lanthanide luminescence well. As for complexes Eu(IIl) complex (55)
and La(III) complex (56) [123], they possess good luminescence characteristics (high color purity and
high sensitivity). The experimental results showed that the optimal excitation wavelengths of 55
and 56 all locate at 740 nm in DMF (Figure 13). The highest cross-section values of § are 412 and
372 GM, respectively. The wavelengths are suitable for bio-imaging in the near IR range. To further
clearly verify their fluorescence stability as fluorescent cellular probes, MCF-7 cells were labeled with
both 55 and a nuclear dye propidiumiodide (PI, a commercially available organic dye). It shows the
bright green colored 55 outside the nuclei and the red-colored dye PI inside the nuclei, respectively
(Figure 13), which were simultaneously monitored by the fluorescence of the complex and PI in the
same cells with the same continuous light exposure (480 nm). The green fluorescent signal of 55 is
very stable against photobleaching throughout the imaging period of 150 s compared with PI (the
red fluorescence signals of PI disappeared in 90 s). The results also show that the complex is very
stable. As presented in that work, the lanthanide-diketonate complexes combine the advantages of
two-photon sensitization and lanthanide luminescence well. Once more this identifies the promising
direction for the synthesis of two-photon sensitized luminescent probes for less harmful and better
quality bio-imaging.
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Figure 11. The structures of ligands HTHA (4,4,4-trifluoro-1-(9-hexylcarbazole-3-yl1)-1,3-butanedione)
and HCUR (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) and its rare earth
complexes 54-56.
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Figure 12. (a) 2PA cross sections (J) for Eu(THA);Phen (54); (b) Two-photon-excited fluorescence
(2PEF) of HTHA and Eu(THA)3Phen (54) in DCM (1 x 1073 mol-L™1); (c) Live cellular image based
on Eu(THA)3;Phen (54), MCEF-7 cells were incubated with 200 pM complex for 1 hour, then imaged by
two-photon microscopy (excitation wavelength A = 770 nm, emission wavelength A = 613 nm) without
fixation. Note that cell cytosol staining is clearly emerging in higher concentration; in contrast cell
nucleus and nucleoli luminescence is more significant in low concentration. All the scale bars represent
10 mm.

Intensity(a.u.)
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Figure 13. (a) Two-photon-excited fluorescence (2PEF) of HCUR, 55 and 56 in DMF (1 x 1073 mol-L~1);
(b) 2PA cross sections (J) for HCUR, 55 and 56; (c) The fluorescent imaging of the MCF-7 cells labeled
with the 55 (green) and PI (red) at different times under continuous light exposure (all the scale bars
represent 10 pm).
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3.3.2. Transition Metal Complexes

Precious Metal Complexes

Precious metal complexes, including Ru, Rh, Pd, Os, Ir, Pt, Ag, Au complexes, have been shown
to be the most important materials with phosphorescent emission at room-temperature [124-126].
The possible excited states of precious-metal complexes include metal-to-ligand charge-transfer
(MLCT), intraligand charge-transfer (ILCT), ligand-to-ligand charge-transfer (LLCT), metal-centered
(MC) excited states, metal-metal-to-ligand charge-transfer (MMLCT), ligand-to-metal-metal
charge-transfer (LMMCT) and metal-to-ligand-ligand charge-transfer (MLLCT) states. The application
of phosphorescent precious-metal complexes as bio-imaging probes is a new research field, but is
exhibiting rapid development [127-130]. Furthermore, some new applications of phosphorescent
precious-metal complexes with 2PA property in targeted two-photon fluorescence bio-imaging and
small-animal bio-imaging in vitro and in vivo also appeared [131]. In this section, we summarize
recent results concerning the use of phosphorescent precious-metal complexes with Ru(Il) and Pt(II)
for two-photon bio-imaging. In particular, we consider a rational approach to their design and discuss
how to obtain stained cellular compartmentalization profiles and how these complexes interact with
the intracellular functional molecules.

Despite holding pride of place in the field of strong luminescence, Ru(Il) polypyridyl (N"N”N or
N"N"'C) complexes, are not very well-suited to live cell 2PFM owing to poor cell uptake. Although
imaging can be achieved by using transfection agents, detergents, or electroporation to facilitate
membrane permeation, these methods are undesirable for live cell samples [132]. On the other
hand, dead or non-viable cells have compromised cell membranes and, indeed, it was shown over a
decade ago that the famous “DNA light-switch” complex [Ru(bpy)z(dppz)]z+] [133], whose emission
is strongly enhanced upon binding to DNA, could be used as a dead cell marker in flow cytometry
and confocal microscopy [134]. The action is similar to that of more conventional dead-cell markers,
such as propidium iodide, relying on the ingress into dead cells through compromised membranes,
and subsequent binding to DNA with enhancement of emission.

Based on the above information, Xiao et al. reported five novel Ru (II) polypyridyl complexes
(57-61) (Figure 14) [135] based on donor-acceptor (D-A) ligands, in which the 2,2":6’,2”-terpyridine
or 6-phenyl-2,2"-bipyridine acts as acceptor units (A) and a carbazole moiety as a donor group (D).
The alkyl or alkoxy as the auxiliary group connecting to the N atom of the carbazole is to improve
the solubility of the metal complexes. The 2PA properties of the complexes were measured by Z-scan
techniques and the interaction with DNA by use of optical spectroscopic and viscosity measurements.
Table 6 shows the third-order nonlinear parameters of the five complexes, the J values of the complexes
1-5 exhibits the order of 59 < 60 < 61 < 57 < 58.

l R= ~o~ LI } (LIRuL2]PFg 57
. L3 } X=N [L3RuL4]PF, 58
- L3 [LIRuL1] (PFg)s 59
L‘1I P S 13 [L3RuL3] (PFg); &0

L5RuL5] (PFg )
L5 R= ~—~p~—0-_-O~~ [L5RuL5] (PFg ), 61

Figure 14. Molecular structures of Ru(Il) polypyridyl complexes 57-61.
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Table 6. Open- and closed-aperture Z-scan measurement data for the third-order nonlinear parameters

of 57-61.
Non-linearity Parameters 57 58 59 60 61
Amax 2 730 730 740 730 730
B (cm-GW™1) 0.086 0.105 0.032 0.049 0.083
5 (GM) 3888 4747 1427 2228 3766
7 (em?-GW1) (x10715) 8.12 5.02 430 5.25 7.09
Re(x®) [esu] x 10713 451 2.79 2.39 2.92 3.94
Im(x®) [esu] x 10714 2.78 3.39 1.05 1.59 2.69

2 Best nonlinear absorption wavelength.

The ¢ of 57 and 58 are obviously larger than non-cyclometalated Ru(II) complexes 59-61 due to
the C-Ru bond formation. Because of the steric bulk which can prohibit the interactions of the complex
molecules, ¢ is larger than those of complexes which have the smaller terminal group under a similar
condition. Then the interactions between complexes and ct-DNA are intercalation mode with varying
binding affinities by UV-vis absorption titrations, EB competitive assays, CD spectra, and viscosity
measurements discussed in detail. The complexes cannot change the ct-DNA conformation, base
stacking, and helicity when they interact with ct-DNA. Complexes 57-59 are classical intercalation
model but complexes 60 and 61 are partial or nonclassical intercalation model. The results suggest
that the five Ru(Il) polypyridyl complexes have potential applications in 2PA materials and biological
sciences ingress into dead-cell markers.

In 2009, Barton et al. reported a cell-penetrating peptide conjugated ruthenium complex, which
could be delivered into the nucleus [136]. Thomas et al. reported a dinuclear Ru(Il) polypyride
complex that functions as a structure-sensitive probe for direct DNA labeling in vitro [137]. All these
observations suggest that Ru(Il) complexes have the potential to be used as subcellular markers.
Our group designed a novel 2P fluorescent mitochondrial probe (complex HLRu (62) (Figure 15) [138]
based on imidazo[4,5-f][1,10]phenanthroline. First, the phenothiazine group has a rich 7r-electron
donating ability and high electron delocalization capability. Second, the alkyl chain can further
influence the extent of electron delocalization and, consequently increase the solubility of the complex
molecule. This in turn enables the use of biologically friendly solvents (e.g., PBS (phosphate buffered
saline)) in later long-term live cell experiments. Remarkably, 62 displays 2PA activity in the range of
720-930 nm in DMSO (dimethylsulphoxide). The maximum 2PA cross-section ¢ for 62 is approximately
219 GM units at 760 nm, which is larger than those of the reported Ru(II) complexes [139]. The present
findings, i.e., the strong near-IR 2PA response as well as the low toxicity of 62, make it a promising
material for applications in biology. The in vitro binding assay, two-photon confocal microscopy, and
transmission electron microscopy elucidated that 62 enters cells via energy-dependent endocytosis
and binds with mitochondrial DNA in living cells enabling tissue imaging. Due to its low cytotoxicity,
large 2PA cross-section and efficient mitochondrial DNA staining, complex 62 is believed to have great
potential as a biocompatible dye for mitochondrial DNA in living cells under 2PFM imaging.

Platinum complexes have attracted great interest in the past decade due to the ease of structural
modification, rich photophysical properties, and versatile potential applications [140]. However, very
little attention has been paid to the nonlinear optical application of the excited-state absorption of
Platinum complexes. Here, we describe unusual polymetallic complexes in which the ligand 4, 4':2/,
27:4”, 4'""-quaterpyridine (qpy) is used to connect either two or six Pt (tpy) units to a Ru'' core [140].
In consideration of the nature of the r-conjugated systems, the new complex 63 shows relatively large
2PA activities (Figure 16). The 2PA properties were assessed by using the Z-scan technique over the
range 650-900 nm, affording the real and imaginary parts of the second hyperpolarizability -y, together
with J values. Platination causes slight redshifts and decreases the emission intensity when compared
with the Rull-based cores [141]. This structural change also increases the 2PA activities, which are
relatively large when considering the nature of the rt-conjugated ligand systems, up to a maximum J
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value of 523 GM for the hexaplatinated complex 63 at 850 nm in acetone. This new complex 63 may be
of interest for diverse purposes of H, production and anticancer activity.
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Figure 15. (a) Molecular structures of 62; (b) 2PA cross-sections of 62 in DMSO (dimethylsulphoxide)
solution (c =1 x 1073 mol-L~1); (c) 2PFM of HepG2 cells co-labeled with 52 and Mitotracker.
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Figure 16. (a) Molecular structure of 63 (b) Dispersion of ¢ for 63. The fit lines are of limited reliability
due to the 25 nm separation between the data points.

Transition Metal Complexes Based on Terpyridine Ligands

Polypyridyl ligands occupy a central position in modern coordination chemistry. Indeed,
2,2'-bipyridine has been described as “the most widely used ligand” [142]; its transition metal
complexes are ubiquitous, whilst the terdentate analogue 2,2":6’,2”-terpyridine (tpy) is not far
behind [143]. Complexes of these ligands typically have high stability with respect to metal ion
dissociation, owing to the synergistic combination of c-donating nitrogen atoms and r-accepting
heterocycles coupled with the favorable formation of five- and six-membered chelating rings. Moreover,
the same properties help to ensure that polypyridine complexes absorb light and sometimes emit in the
visible region. Typically, these metal complexes possess multiple transitions such as metal-to-ligand
charge transfer (MLCT) and ligand-to-ligand charge transfer (LLCT) in the visible region. The binding
of protons or cations perturbs the charge density in the binding unit and subsequently induces optical
signal switching between different energy states to achieve the desired optical responses. However,
it is still a challenge to design and synthesize a series of metal complexes especially transition metal
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complexes with low molecular weight, high water-solubility, biocompatibility, and large 2PA cross
sections in the near infrared range (700-900 nm).

Li et al. reported a novel 10-ethyl-3-[4-(2,2":6' ,2”-terpyridinyl-4’-yl) styryl] phenolthiazine (L)
(Figure 17) [144], with the styryl moiety as the 7t-bridge; the tpy unit, tridentate ligand, can easily
coordinate to various metal ions. The metal-ion binds to the acceptor, forming a D-n-A motif ligand,
rather than a donor site, it should yield an increase rather than decrease of intraligand charge
transfer (ICT) upon excitation. Different metal ions can influence the structures and photophysical
properties of resulting complexes to a large extent, which is expected to result in an increased ¢
and enhanced fluorescence brightness. Their 2PA properties in DMF were studied using the Z-scan
method. Considering the molecular weight difference between the complexes and free ligand, the
2PA cross-section values for all the complexes are approximately 2.4- to 3.6-fold larger than that for L
(Table 7). Generally, the different metal centers are responsible for the different 2PA properties of the
complexes. The § values of the complexes 64-68 exhibit the order of 68 < 66 < 67 < 64 < 65. Another
factor for the larger J of 65 and 66 compared to those of 66-68 is attributed to the closed-shell d'*-metal
centers being non-detrimental to fluorescence. Considering each complex molecule of 64-68 contains
two ligand molecules, it is slightly surprising that 6468 (with two ligands L) has such similar values
to 69 and 70 (one ligand L).

64-68 M

Cd Zn Co Cu and Mn

69.70 X=l and SCN

Figure 17. The structures of 64-68.

Table 7. Open-aperture Z-Scan measurement data for the third-order nonlinear parameters of 64-70

in DME
Compound Amax 2 Amax P B x 1073 (em-GW™1) J x 10 GM
L 306,394 491,561 14 5.8
64 310,396 492,564 49 20
65 315,397 494 562 51 21
66 326,401 496,564 45 19
67 308,396 499,572 38 15
68 311,397 495,572 34 14
69 320,301 491,571 47 19
70 320,400 491,570 43 18

2 Linear absorption maxima (nm); b Linear emission maxima (in nm, under the excitation wavelength of 310 nm).

Of late, Zhou et al reported another novel D-7-A type ligand 4'-(4-[4-(1H-1,2,4-triazolyl)styryl]
phenyl)-2,2":6/ 2”-terpyridine (L) and its six halogen Zn(II) and Cd(II) complexes 71-78 (Figure 18) [145].
The 2PEF experimental results reveal that 2PA cross-sections of these complexes are extraordinarily
larger than that of the ligand, with maximum values of 97, 661, 787, 218, 133, 613, 230, 384, and 241
GM for L and complexes 71-78 in DMF, respectively. Density functional theory (DFT) calculations
were performed on 71-78 and revealed that the halogen affects the accepting capability of surrounding
metals due to different electron inductive effects, in the order Br > SCN > I. Thus, this in turn affects
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the 2PA cross-section values. The results indicate that the 2PA cross sections vary in the order
Br > SCN > I, which is consistent with the experimental results.
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Figure 18. The structures of 71-78 and two-photon absorption cross-sections of L and its complexes
71-78 in DMF.

With the aim of obtaining terpyridines applicable for biological systems, di(hydroxyethyl)
amino and (2-(2-meth-oxyethoxy)-ethoxy)benzyl groups were chosen to combine them with
2,2":6' 2”-terpyridine. Two novel terpyridines (79 and 80) with good water-solubility were obtained
by Shi et al. (Figure 19) [146]. All the ligands and complexes show evident two-photon absorption
ability when evaluated by Z-scan technology. The two terpyridine ligands displayed good two-photon
excited fluorescence (2PEF). Unlike the previous report on the enhanced 2PA ability of Cd(II), Zn(II)
coordination complexes when compared with their terpyridine ligand, coordination to the Zn(II)
center here led to a decrease of the 2PA response, with ¢ of 140 and 110 GM for 79 and 80, respectively.
However, the highlight of the work is that the 2PEF titration experiment revealed that 80 had a
linear response to the Zn?* concentration. The good water solubility and high two-photon emissive
ability of 80 provide an excellent starting point for the development of cellular zinc two-photon
fluorescent probes.
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Figure 19. (a) The structures of 79, 80; Open-aperture Z-scan experimental data and fitting curves for 79
(b), 80 (c) and their free ligands in HyO-acetonitrile (4:1) under a 750 nm laser beam. The concentration
was 1.0 x 10—-3 M.

It is well known that extending conjugated systems to construct a novel large D-7t-A molecule
contributes a positive impact on the enhancement of 2PA response. However, compounds with
a large conjugated system are normally thermally unstable and their synthesis processes are time
consuming [147], which limits their various practical applications. Moreover, recent studies have
suggested that a large m-conjugated organic ligand may result in a decreasing 2PA effect on
coordination with metal ions, which is contrary to the original intention [148-150]. Therefore,
economically designing a small molecule with a D-A type if possible that possesses a stronger 2PA
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effect for practical applications gradually appears as a novel concept [151,152]. Considering the above,
Tan et al. rationally synthesized a novel ligand 4'-(4-(diphenyl-amino)thienyl)-2,2":6’,2"-terpyridine (L)
and its Zn(Il) complexes (LZnCl, (81), LZnBr, (82), LZnl, (83), and LZn(SCN), (84)) (Figure 20) [153].
Specifically, L with D-A construction combines the electron rich properties of diphenylamine (as
D) with the electron-withdrawing ability of terpyridine (as A), which can strongly bind with metal
ions; Furthermore, Zn(Il) within the complexes can arouse stronger charge transfer leading to strong
2PA response [154,155]. Two-photon absorption cross-section results show clearly that 81-84 exhibit
discernible two-photon absorption values with a maximum corresponding to § ~ 2343, 2583, 907, and
1775 GM at 850 nm by using the open Z-scan method, respectively. Such a difference must be due to
varied negative ions, which indicates that anions having different electronegativity may considerably
influence the 2PA cross sections. The results show that the influences of electron inductive effects of
different halide ions on the two-photon absorption properties (Br > Cl > SCN > I) differ from those
on the linear absorption properties as mentioned previously (SCN > I > Br > Cl). This significant
decrease in the two-photon absorption value of 83 could be ascribed to the heavy atom effect (HAE)
of the iodine atom. Moreover, as P. N. Prasad declared [156], there was a strong correlation between
intramolecular charge-transfer processes and two-photon absorptivity from the viewpoint of electronic
structures and photophysical processes. This work suggested that these thiophene-based complexes
be proposed as new NIR 2PA materials.
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Figure 20. (a) Synthetic route for ligand L and complexes LZnCl, (81), LZnBr; (82), LZnl, (83), and
LZn(SCN); (84); (b) Theoretical curves of representative open-aperture Z-scan traces at wavelengths
corresponding to a maximum nonlinear absorption for L, LZnCl, (81), LZnBr, (82), LZnI; (83), and
LZn(SCN); (84) at 850 nm.

Because of the high toxicity of halide ions, from the ‘green’ perspective, an issue of primary
importance is the solubility of products in many common organic solvents and in most green solvents
including water. We demonstrated that hexafluorophosphate can be solubilized in a green aqueous
solvent system—DMSO /water—in order to meet the biological requirement. Spurred by this, novel
terpyridine ligands (L) and its Zn (II) complexes (85) (Figure 21) [157] were designed and synthesized.
The complexation with Zn(II) would be likely to achieve enhanced 2PA properties due to the lack
of d-d transitions in comparison with the other metal ions [158]. The 2PA cross-section values of
complex 85 was 65 GM under 710 nm excitation which was significantly enhanced compared to
its free ligand. Importantly, the peak 2PA cross-sections appear in the near-infrared range. This
moderate 2PA response comes from the marked core to periphery charge redistribution in complexes
upon photo-excitation [159]. Therefore, complexation with Zn(II) enhances the electron-acceptor
character of the terpyridine group, which converts the ligand to a more strongly polarized D-A
unit, which may favor ICT, causing enhanced two-photon absorption. The enhanced trend observed
in the experiments was consistent with above structural investigation and theoretical calculations.
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Relying on the comprehensive studies of 2PA properties, 85 was selected for bioi-maging application.
A bio-imaging study using two-photon scanning microscopy shows that HepG2 cells can be sufficiently
stained with 85 specifically and that it is capable of specific monitoring the fluorescence signals in the
intestinal system of living zebrafish larva at a depth of >100 um. All these results favor that 85 may be
a potential biocompatible and long-term in vivo and in vitro imaging agent.
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Figure 21. (a) Molecular structures of the ligands (L) and its metal complexes (85); (b) 2PA spectra
of L and related complex 85; (c¢) Two-photon image of HepG2 cells incubated with 40 uM, Aex = 700
nm (emission wavelength from 543 to 606 nm) and One-photon image of HepG2 cells incubated with
ER tracker, Aex = 488 nm (emission wavelength from 500 to 550 nm); (d) One-photon image of 72
h-zebrafish larva incubated with 30 uM after 4 h of incubation, washed by PBS buffer, Acx = 405 nm
(emission wavelength from 440 to 480 nm).

In order to further increase the terpyridine complexes’ solubility especially those that can be
completely dissolve in water, Tian et al. fabricated a novel D-A type complex (86) in which the
terpyridine ring acts as tridentate chelate group and a carbazole moiety as a two-photon active moiety.
Extended polyether chain and nitrate serves as a steric hindrance to diminish the intermolecular
quenching effect, as well as good water solubility; it was also widely applied in an in vivo drug delivery
system due to their immune ‘stealth-like” behavior leading to increased blood circulation time and
lowed toxicity (Figure 22) [160]. Coordinating with Zn(II) of the designed ligand would be likely to lead
to enhanced 2PA response and fluorescence brightness due to the lack of d-d transitions. It is proved
once again that an extended conjugation bridge, for instance in the o-bridge system, may favor ICT and
thus cause significantly enhanced two-photon absorption. Intriguingly, 86 can be used as an imaging
probe to simultaneously light up plasma membrane and nucleus in living cells via an endocytotic
pathway. Effective diffusion in the brain compartment in larval and adult zebrafish was observed
over a depth of ~300 um (Figure 23). Particularly, in a mouse model, intravenously administered
86 displayed high affinity with BBB (Blood Brain Barrier) and showed good penetration into brain
parenchymal. In fact, images obtained in this study, especially those in mammalian tissues, we are
enthusiastic that, in the future, class-specific small molecular probes based on the terpyridine group
with further modification/functionalization will be discovered systematically and comprehensively.
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Figure 22. (a) Molecular structures of the ligand (L) and its metal complex (86); (b) 2PA spectra of L
and related complex 86.
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Figure 23. (a) Anaesthetized Larval zebrafish bath with 86 (100 nM) for 24 h under UV light (left) and
3D micrographs (thickness = 356.2 pm) under two-photon confocal microscopy in larval zebrafish
brain and retina at 4 and 24 h; (c¢) Whole brain region imaging of staining larval zebrafish by 86
co-stained with DAPI (4,6-diamino-2-phenyl indole), insert: DIC tile scanning of the imaged larval
zebrafish; (d) Braco-stained with DAPI, Syto9 and Propidium Iodide; (b) Fluorescence intensity
analysis of uptake of 86 in sections of staining adult zebrafish by 86 co-stained with DAPI; (e) Ex vivo
assessment of 86 following i.v. injection in mice co-labeled with DAPI and Alexa488-lectin, and zoom in
(200x) micrographs show the detail of brain capillaries imaged by confocal laser scanning microscopy,
with strong internalization of 86 with brain endothelium and CNS (central nervous system) cells at
nuclear and plasma membrane. The scale bar represents 200 um. Error bars: SEM (scanning electron
microscope), n = 3. Abbreviations: Re = retina, B = brain, ] = jaw, FI = fin.
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Transition Metal Complexes Based on Bis-B-Diketonate

B-diketonate derivatives can act as good bidentate ligands, after losing a proton, coordinating to
metal ions to form a rm-conjugated unit. Therefore, S-diketone ligands can form a higher degree
of m-electron delocalization in the metal complexes due to an extended 7t-bridge by r-electron
contribution from the metal ions. Significantly, their metal complexes should possess excellent 2PA
properties. On the basis of our interest in searching for optimized molecular structures having
large molecular 2PA cross sections, Li et al. constructed two novel ligands based on phenothiazine
with B-diketone units (H,L!, H,1?) and their transition metal complexes (Ni(II), Mn(II), Co(II),
Zn(Il), Cd(II) 87-98) (Figure 24) [161]. The é values for H,L! and H,L? are ca. 155 (700 nm) and
204 GM (710 nm), respectively, which is in line with the electron-accepting ability of the groups:
CF3 > C¢Hg. Considering each complex molecule containing two ligand molecules, dmax values of
87 and 88 are ca. 568 and 664 GM at 710 nm, 14- and 16-fold larger than that of the real ligand
(L1)2~. Also, the peak ¢ values for 93 and 94 are ca. 369 (710 nm) and 366 GM (720 nm), 7-fold larger
than that of the real ligand (L?)?~. Thus, dramatically increased two photon fluorescence can be
achieved by using the closed-shell d'” metal centers such as Zn?* and Cd?*. As Zn has relatively
low toxicity towards live cells, two-photon microscopy of MCF-7 cells labeled with 87 and 93 were
captured, respectively. The two-photon microscopy show that 87 and 93 are presented within the cells
(Aex =720 nm) (Figure 25). Herein, the cytoplasmic distribution is more uniform. A few bright spots
are observed in the nucleus indicating that the compounds may target small organelles in the nuclear
region called nucleoli. However, corresponding light-field images of the cells ascertaining the locations
of the cell nuclei and nucleoli, and a co-staining experiment to confirm the nucleoli-staining capability
of the ligands and complexes will be carried out in the future. It is showing the remarkable stability in
cellular cytosol as we switch from one-photon excitation to two-photon excitation. Those complexes
might have potential as safety fluorescence probes which coud be avoided photon-damage effectively.
This work paves the way for the designation of either novel types of bis-diketones, their complexes or
new effective chromophores with two-photon activity for TPM images of live cells.
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Figure 24. (a) Synthesis of two bis-B-diketones H,L1, H,L? and their complexes 87-98; (b) 2PA spectra
of all the compounds (c = 0.1 mM) in THE.
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Figure 25. Fluorescent imaging of two-photon microscopy of MCF-7 cells, Aex = 720 nm, from left to
right: H,11, H,12, 87, and 93 (all the scale bars represent 10 pm).

3.3.3. Clusters

Another exciting example of the use of phosphorescent heavy-metal complexes for two-photon
bio-imaging are the coordination clusters because they involve dn-p7t delocalized systems and d7-d7
conjugated systems [162]. These clusters have a large variety of structures and diverse electronic
properties that can be tuned by virtue of the coordinated metal ions. The clusters can also extend the
electronic delocalization, which should increase their § values. We have paid attention to enhance the J
value by combining functional ligands with metal clusters. Copper(I) iodide (Cul) clusters can be used
as precursors to react with the bulky ancillary organic ligands, which are favorable for the formation of
multi-branched clusters with large J in the near-IR region. This is most likely due to the following three
facts: (i) the closed-shell d'° Cu(I) shows a variety of coordination formats; (i) Cul shows higher energy
emission bands than its polymorphs (CuBr, CuCl) [163], and can be facilely modified to form various
structures; (iii) the multi-branched cluster can extend electronic delocalization and polarity of rigid
conjugated structural motifs (organic ligand), which would favor intra/intermolecular charge transfer
and thus help to enhance 2PA. With the above considerations, we designed a novel multi-branched
cuprous cluster (CuglyLy (99), L = (E)-(4-diethylanilino-styryl)pyridine, Figure 26) [164] possessing
larger conjugation motifs to enhance 2PA for a brighter 2PFM. Figure 27 indicates that in the measured
range, the 2PA cross-sections ¢ of 99 were enhanced with increasing polarity compared to its free
ligand, especially in ethanol. This large 2PA response comes from the marked core to periphery charge
redistribution in 99 upon photoexcitation [165]. Therefore, complexation with Cu(I) enhances the
electron-acceptor character of the central pyridine group, which converts the ligand to a more strongly
polarized D-7t-A unit, making this cluster a potential candidate for 2PA responses. It should be noted
that this J value exceeds that of many fluorophores widely used in biology, including fluorescein,
BODIPY, DAPI, GFP, or other complexes [166-168]. Significantly, compared with those with free L, not
only 99 bears larger ¢ values, but also the cluster exhibits higher quantum yield and longer lifetime in
ethanol, which spurred us further to explore its potential application in biological imaging.
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Figure 26. (a) Molecular structures of CuglsL4 (99); (b) Two-photon absorption action spectra of L and
CuglyLy (99) in ethanol (¢ = 1.0 x 104 mol-L~1).
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Figure 27. 2PFM of MCEFE-7 at: (a) Containing Cuyl4L4 (99) (mid red) with DAPI (left blue) and overlay
image (right); (b) Co-localization micrograph profile prove that the co-staining region corresponding
to the white colocalization part which is located in the nuclear section; (c) Cell chromosome through
progression of m-phase shows cellular luminescence by uptake cluster; (d) Containing L (mid red)
with DPAI (left blue) and overlay image; (e) 3D intensity profile of DAPI, Cuyl4L4 (99) (200 uM) and
L (200 upM) luminescence across a MCF-7 single cell after incubation for 2 h. (All scale bars represent
10 uM.)

The 2PFM images (Figure 25) of each live cell were successfully taken and clearly display
the nucleus structure. To determine the location of the luminescence, a traditional nuclear dye
4/ 6-diamidino-2-phenylindole (DAPI) was also used. Figure 16a,b show that the cluster molecules
have been taken up by cellular nuclear, Figure 16¢ reveals the TPA luminescence from chromosomes
of cells which are both undergoing inter phase and mitotic phases. Control experiments for 99 and
DAPI image (Figure 25a) indicate there is no connection between 99 and DAPI. Hence, 99 is clearly
capable of detecting the nuclear section in MCF-7 cells. The excitation and emission wavelengths of 99
probes are 780-800 nm and 685 nm, respectively, which can be attributed to excited-state equilibrium
via intersystem crossing (ISC) and triplet energy transfer (TET) [169], and are different from that of the
free ligand. Similar nuclear stain properties shown by L using the same concentration (Figure 25d),
however, show luminescence intensity to drop approximately 1/5 times lower than CuglyL4 (99)
(Figure 25e).

Research on organometallic compounds has aroused great interest in recent years. Their
intimate connection is demonstrated with the synthesis and assembly of new materials, excellent
optical properties, catalysis reactions, and exploitation of many anti-cancer drugs etc. [170-173],
wherein the organotin compounds, especially ubiquitous organotin carboxylates, exhibit a range of
effects for chemotherapy, biological, catalytic and industrial applications [174-177]. Although their
properties including diversity of structures for constructing novel compounds, assembly /self-assembly
for polymers, and anti-tumor/anti-bacterial have been systematically investigated [178-181], only
a few studies regarding the two-photon absorption properties of the organotin carboxylate
derivatives have been reported. Hence, our efforts have been directed towards the search for
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optimized molecular structures having large 2PA cross-sections. In 2009, Li et al. reported
a (E)-3-(10-ethylphenothia-zine-3-yl)-acrylic acid (LCOOH) which reacted with Ph3Sn(OH) and
nBu,ySnO to afford the mono- and tetranuclear products (100 and 101) (Figure 28) [182], respectively.
The tetranuclear product 101 was obtained in a nearly quantitative yield, with four LCOO- units
around the organooxotin cluster through the stannoxane-based one-step synthetic strategy. It is
obvious that 101 shows the best 2PA property and the J value of 101 is much higher than that of the
ligand. This is mainly attributed to the increase in the number of LCOO- units in 101. By considering
the molecular weight difference between the complexes and the metal-free chromophores, the § values
for 100 and 101 were calculated to be ca. 1.5-times larger than that for LCOOH.
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Figure 28. (a) Synthesis of the organotin carboxylate derivatives LCOOH, 100, and 101; (b) 2PA spectra
of LCOOH, 100, and 101.

Based on Li’s work, the other three novel organooxotin complexes (102, 103, and 104) were
synthesized by reaction of L1 (2-cyano-3-(4-(diphenylamino)phenyl) acrylic acid) with n-Bu,SnO,
Ph3Sn(OH) and #n-BugSnyO by Zhao et al. (Figure 29) [183]. The 2PEF of the complexes have been
systematically studied, suggesting that the three metal complexes have strong two-photon absorption
(2PA) and large 2PA cross-sections 6. The maximum ¢ are 810 GM for the ligand, 2500 GM for 102,
780 GM for 103, 1600 GM for 104 in CH,Cl; solution. It is noteworthy that 104 exhibits larger 2PA
cross-section per molecular weight compared to the ligand. Finally, high anti-tumor activity of these
three metal complexes has also been identified. The capability of the three organotin complexes as
potential anti-tumor agents were preliminary tested in vitro against A549 and MDA-MB-231 cell lines.
The results of the cytotoxic effects (inhibitory concentration ICsj) of complexes 102, 103, and 104
against the two tumor cell lines were compared using paclitaxel and cis-platin as positive controls.
Although the ICsq values of three complexes are relatively lower than paclitaxel against two tumor cell
lines, 102 and 103 exhibited much more anti-tumor activity than cis-platin (25.7 and 11.1-fold lower
ICs for Z2 and Z3 respectively in A549 cells, 877.2 and 746.3-fold respectively in MDA-MB-231 cells).
In particular, among these three complexes, 103 is a relatively small molecule and the most efficient
anti-tumor agent for the A549 and MDA-MB-231 cell lines, so it can be used as a potential anti-tumor
agent. This study paves the way to design organotin compounds with large two-photon absorptions
and good antitumor effects.
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Figure 29. (a) Synthetic routes for L1 and complexes 102, 103, 104; (b) 2PA cross-sections of L1 and
complexes 102-104 in CH,Cl; solution; (c) Inhibitory concentration ICsq (uM) of 102-104 against tumor
cell lines.

4. Conclusions and Outlook

In this review, we summarized our recent works in 2PA materials based on organic, inorganic,
organic-inorganic hybrid, and complexes system. These 2PA materials exhibit systematic 2PA
properties and well-defined cell uptake behavior, allowing the use of two-photon microscopy to
track their fate in cellulo as well as small-animal bio-imaging. Considering the advantages and
disadvantages of the present 2PA materials as bio-imaging materials, several directions in this field in
the future should be followed in order to develop high quality 2PA bio-imaging materials and exploit
their further applications:

(1) For sensing, diagnostic or therapeutic applications, it is very important to realize the rapid and
efficient cellular uptake of 2PA materials by optimizing their overall charge, size, hydrophobicity,
and conjugated moiety.

(2) Although a series of 2PA materials have been developed to stain different cellular organisms, their
compartmentalization staining is usually not specific. Therefore, selective compartmentalization
staining is still a challenge.

(3) Compared with rapid developments in the synthesis of 2PA materials as staining dyes, discussions
on the internalization mechanisms of phosphorescent complexes are still rare.

(4) Compared with two-photon rare earth complexes, the long lifetime of phosphorescence can allow
the possibility of two-photon time-resolved emission imaging. As a result, we have the emissive
signals of the two-photon rare earth complexes using two-photon time-resolved emission imaging
microscopy. However, the examples of two-photon lifetime-based imaging are very few. This
will be another important research direction.

(5) Compared with the rapid development of two-photon bio-imaging based on 2PA materials, only
a few complexes have been used in multi-model bio-imaging, such as, Magnetic Resonance
Imaging (MRI) combined with two-photon fluorescence microscopy (TPFM). Therefore, realizing
multi-model imaging will be an important research topic in this field.

In summary, the rich choice of 2PA materials produces rich and tunable two-photon fluorescence
properties. Hence, 2PA materials have become a class of very attractive bio-imaging materials. It is
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expected that more and more excellent 2PA bio-imaging materials will be developed in the years
to come.
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