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Abstract

:

In this paper, the nonlinear absorption properties of two complexes consisting of Ru(C≡CPh)(C≡C)(dppe)2 (dppe = Ph2PCH2CH2PPh2) as electron donor (D) and 4,7-di(2-thienyl)benzo[c][1,2,5]thiadiazole as electron acceptor (A) units in two different arrangement, i.e., A–D–A and D–A–D, are presented. They were measured in solution by the femtosecond open-aperture Z-scan method. The complexes show moderate two-photon absorption cross-sections σ(2) of several hundred to one thousand GM (here 1 GM = 10−50 cm4 s molecule−1 photon−1). Although they are formed by the same building units, it was found that the two-photon absorption values of the D–A–D arrangement are six times higher than that of the A–D–A one. This difference can be explained by the number of metal cores (one or two ruthenium centers), the geometrical configurations of the complexes (more or less planar), and the resonance enhancement by lowering the intermediate state.
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1. Introduction


Two-photon absorption (TPA), one of the nonlinear absorption (NLA) processes, has attracted considerable attention in the last few years because of its applications in various fields, such as 3D fluorescence imaging and control of biological systems, 3D-microfabrication, optical limiting, and so on [1,2]. A large number of compounds have been investigated and extensive efforts were devoted to clarifying the structure-property relationship. Among the various compounds reported, ruthenium (II) σ-acetylide complexes, well-known for their second- and third-order optical nonlinearities [3,4,5,6,7], are of great interest because they tend to have very large two-photon absorption cross-sections [8,9,10,11].



While the excellent TPA properties of ruthenium dendrimers have been extensively studied, in particular by Humphrey and co-workers [8,9,10,11], there are only a few examples of mononuclear and dinuclear ruthenium complexes for TPA applications [12,13]. Recently, two new ruthenium (II) σ-acetylide complexes (Ru-1 and Ru-2, Figure 1) were synthesized [4,5,14]. In these complexes, the metal centers act as donor (D) groups of a donor–acceptor (D/A) system, where the acceptor (A) is the organic fragment 4,7-di(2-thienyl)benzo[c][1,2,5]thiadiazole. In complex Ru-1 two di(thienyl)benzothiadiazole units are linked by a Ru(II) σ-acetylide bridge, forming a A–D–A type arrangement, while in Ru-2, the two Ru(II) σ-acetylide units are linked through a di(thienyl)benzothiadiazole unit, resulting in a D–A–D arrangement. The almost linear metal–alkynyl structure allows a good coupling between the π system of the σ-acetylides and the d-orbitals of the metal. Furthermore, the phenylalkynyl ancillary ligands are known to increase the donor properties of the ruthenium center [9]. Interestingly, complex Ru-2 is characterized by a good quadratic hyperpolarizability response and it is an efficient building block for polymeric films, characterized by a significant second harmonic generation (SHG) [4]. However, its two-photon absorption properties have never been investigated.



Here we present the TPA spectral properties of complexes Ru-1 and Ru-2, which consist of three units of the same components but in different arrangements (A–D–A and D–A–D, respectively). The TPA spectral properties were characterized by the femtosecond Z-scan method. TPA of the complexes were found to induce photochemical transients, which cause measurement artifacts leading to an overestimation of the TPA activity. However, removal of the artifact allows the true TPA spectra to be obtained, the origin of which is discussed. Ab initio molecular orbital (MO) calculations were carried out to provide theoretical insights towards a better understanding of the origin of the one- and two-photon transitions.




2. Results


2.1. Linear Optical Properties


In Figure 2 the one-photon absorption (OPA) spectra of the ruthenium complexes in dichloromethane solution (10−6 M) are shown. The molar absorption coefficients are similar for the two complexes, even though the maxima are at different wavelengths: three distinguishable peaks were observed at 320, 455, and 600 nm for Ru-1, while two peaks were at 395 and 635 nm for Ru-2. The 320-nm and 455-nm peaks are similar to the absorption peaks of di(thienyl)benzothiadiazole, reported to be at 310 nm and 445 nm in dichloromethane [15] and 450 nm for a compound bearing the same unit [16]. The 395-nm peak of Ru-2 is probably the result of the blue shift of the 445-nm peak of the acceptor unit. On the other hand, the peaks at 600 nm of Ru-1 and 635 nm of Ru-2 are related to metal-to-ligand charge transfer, the magnitude being double for the Ru-2 having two metal centers.




2.2. Molecular Orbital Calculation


For a deeper understanding of the observed one-photon absorption bands and the structure of the excited states of the complexes, we performed ab initio MO calculation based on the density functional theory (DFT). Geometry optimization and time-dependent calculation at the B3LYP/6-31G(d) (lanl2DZ for Ru) level for isolated Ru-1 and Ru-2 were performed on Gaussian09 software package. The B3LYP method was chosen because it was previously used for similar complexes [5]. For di(thienyl)benzothiadiazole, three rotational conformers of thiophene rings were previously reported [15,17]. The conformer that has both S atoms of the thiophene ring in trans position to the N–S–N moiety (tt-conformer) can be slightly more stable than others [15]. Here, we consider only tt-conformer as a representative (as shown in Figure 3).



In the case of Ru-1, the optimized structure showed that each di(thienyl)benzothiadiazole unit is planar, but the two planes are twisted (dihedral angle of 44.4°). Transitions to excited states S1, S4, and S11 have significant oscillator strengths f (Figure 2a). The dominant contribution to S1 is highest occupied molecular orbital (HOMO) → lowest unoccupied molecular orbital (LUMO) (93.9%, Table 1), where HOMO is more localized over the –thienyl–C≡C–Ru–C≡C–thienyl– moiety, while LUMO is more localized on both di(thienyl)benzothiadiazole moieties (Figure 3), leading symmetric charge transfer (from inner to outer), supporting the A–D–A structure as expected. The d-orbital of Ru atom contributes to HOMO but not to LUMO, so it can be classified as metal-to-ligand charge transfer (MLCT). The dominant configuration of S4 is HOMO-1 → LUMO+1 (89.6%) followed by HOMO-1 → LUMO (6.1%), where LUMO and LUMO+1 are nearly degenerated with the same orbital pattern, except the phase, while HOMO and HOMO-1 are the same except for the orthogonal orientation of orbital lobes of the –C≡C–Ru–C≡C– moiety with the d-orbital. For S11 the dominant configuration is HOMO → LUMO+3 (87.8%) followed by HOMO-1 → LUMO+4 (5.0%). Again, LUMO+3 and LUMO+4 are nearly degenerate and have the same orbital pattern, except the symmetry. In this case, orbitals also localized somehow at the –thienyl–C≡C–Ru–C≡C–thienyl– moiety, thus the better orbital overlaps cause the large oscillator strength of S11.



For Ru-2, the di(thienyl)benzothiadiazole unit and the two metal centers are in the plane in the optimized geometry. S1 and S10 are major OPA transitions. The dominant configuration of S1 is HOMO → LUMO (99.0%) and that of S10 is HOMO → LUMO+3 (84.8%) followed by HOMO-5 → LUMO (8.2%), as shown in Table 1. HOMO → LUMO is the transition from two –thienyl–C≡C–Ru–C≡C–thienyl– moieties to the central benzothiadiazole moiety, in agreement with the D–A–D arrangement with the large orbital overlap. HOMO → LUMO+3 has similar overlap as HOMO → LUMO, while HOMO-5 → LUMO has larger change of localization from the outer to the inner (Figure 3). Like Ru-1, d-orbital contributes to occupied molecular orbitals.




2.3. Nonlinear Absorption Properties


The nonlinear absorption of the complexes was measured by the open-aperture Z-scan method. The complexes were dissolved in dichloromethane and placed in 2-mm cuvettes. The concentration was 1.5 mM for Ru-1 and 0.8 mM for Ru-2. It was found that stirring the sample solution had a drastic effect on the measurement. The sample solution of Ru-2 showed enormous depression asymmetry against the focal point without stirring the sample (Figure 4a). The shape of the trace was inverted when the scanning direction was inverted (filled and open symbols in Figure 4a). On the other hand, the trace was symmetric when the sample was stirred (Figure 4b), with a large (almost a factor of 1/6) decrease of the NLA signal intensity (i.e., depth of the dip in Figure 4c). The open-aperture Z-scan should be symmetric when the signal originates only from TPA (Figure 4d) because of the symmetricity of the optical intensity function against the focal point. The asymmetric trace means that other processes rather than TPA are involved. These results show that TPA induced the formation of an intermediate that strongly absorbs the laser pulse and lasts much longer than 1 ms (interval of the laser pulses). Stirring the sample (see Section 4) removed the intermediate from the monitored optical path and provides the NLA signal originating from the TPA process only. The symmetric shape and the width of the dip (defined by the Rayleigh range) of the stirred sample were the same for the reference sample, therefore only the TPA process is observed when the sample is stirred. Therefore, stirring is of crucial importance to avoid overestimation of the TPA cross-section of these ruthenium complexes. This phenomenon is probably similar to the previously reported difficulties in the measurement of the TPA response of some ruthenium dendrimers [10].



This phenomenon was observed also for complex Ru-1 and other wavelengths. Without stirring, the measurements carried out with Ru-1 and Ru-2 gave very intense apparent TPA spectra (Figure 5), which included the artifact caused by the TPA-induced transients, or products as mentioned above. By stirring the sample, the magnitude of the spectra significantly dropped. Thus, the true TPA spectra, obtained with stirring, have much smaller magnitudes than the corresponding spectra without stirring.



In Figure 6, the TPA spectrum obtained by stirring overlaps with the one-photon absorption spectrum. The TPA cross-section σ(2) was measured by the following two different procedures: by changing the excitation power (power-scan procedure, filled circles with error bars in Figure 6) and by changing the excitation wavelength at a constant excitation power (WL-scan procedure, open circles), as described in Section 4. Here, σ(2) is expressed in the Göppert-Mayer (GM) unit, where 1 GM (Göppert-Mayer) = 10−50 cm4 molecule−1 photon−1. The σ(2) values measured by the power-scan procedure are listed in Table 2 and the corresponding open-aperture Z-scan traces with the theoretical fits are shown in Figures S1–S8 of Supplementary Materials. The observed TPA bands have transition energy corresponding to the MLCT bands located at 400–450 nm for OPA, and the TPA spectra are almost superimposable with the OPA spectra. It was not possible to measure the TPA response at wavelengths shorter than 800 nm because of overlapping with the tail of the linear absorption.





3. Discussion


Both complexes showed moderately large TPA cross-sections at the shortest excitation wavelength, with maxima of 1700 GM for Ru-2 (D–A–D) and 280 GM for Ru-1 (A–D–A). Complex Ru-2 showed a signature of saturable absorption (SA) overlapping the dip caused by TPA (Figures S5 and S6 in Supplementary Materials). Thus, at the wavelengths where SA is significant, the σ(2) values were obtained by the analysis with the SA process taken into account. It is interesting to note that the σ(2) values of the binuclear complex Ru-2 at 800 nm are almost 6-times larger than those of the mononuclear complex Ru-1. This is a large enhancement if we consider that they consist of the same components. This trend lasted for the other measured wavelengths.



The enhancement of the TPA activity of Ru-2, with respect to Ru-1, can be explained by the following reasons. First, the presence of two metal centers is expected to naturally increase the TPA properties of the molecule because of the major number of highly polarizable d-electrons in the metal orbitals. These electrons are numerous and less-strictly bound to the atomic nucleus, which means that they are more mobile within the molecule when excitation occurs. In a previous paper on Ru-2, it was shown, from voltammetric results, that the two Ru atoms do not electronically communicate through the di(thienyl)benzothiadiazole bridge [14].



Besides, the structure of Ru-2 is almost flat, as shown in the optimized structure (Figure 3). The di(thienyl)benzothiadiazoles, electron acceptor units, contribute to the planarity of the branches and extend the conjugation length and the delocalization of π-electrons, as already discussed for other acceptor-core compounds [18]. On the other hand, the optimized structure shows that the structure of Ru-1 is twisted around the –C≡C–Ru–C≡C– axis, making di(thienyl)benzothiadiazole units more independent, and consequently, with less electronic communication between them. This is also supported by the similarity of the OPA peaks at 320 nm and 455 nm of Ru-1 with those of the independent di(thienyl)benzothiadiazole molecule. This difference in electronic communication between the peripheral groups for Ru-1 and Ru-2 causes the red shift of the absorption of Ru-2 (peak at 635 nm) with respect to Ru-1 (peak at 600 nm). The red shift of Ru-2 suggests resonance enhancement [19] as a possible mechanism for the enhancement of the TPA activity. Thus, we estimated the magnitude of the influence of the resonance enhancement in the following manner.



The complexes are roughly symmetric; thus, we assume the three-state model [20]


σ(2)≈4π25ℏc2n2|μfk|2|μkg|2Δ21Γfg



(1)




where μba, Eba, Γba are transition dipole moment, transition energy, relaxation constant between state a and state b, respectively; ℏ is reduced Planck constant, c is speed of light, and n is refractive index. The factor in the denominator Δ=Ekg/Efg−1/2 is a detuning factor. Here, f, k, and g mean the final, intermediate, and ground states of the TPA transition. If the transition energy of the intermediate state approaches the halfway point of the TPA transition, σ(2) is enhanced by decreasing Δ and causes resonance enhancement. From the overlap of the TPA band and the second lowest-energy OPA peak (Figure 6) and distorted symmetry of the complexes, we assume that f is the excited state of the second lowest-energy OPA peak and k is that of the lowest-energy OPA peak. In the same manner, for the results of the MO calculation, f is taken as S4 (for Ru-1) and S11 (for Ru-2) and k is taken as S1 for both. The calculated Δ with these transition energies and the enhancement factor, i.e. Δ−2 are summarized in Table 3. From the experimental values, a 4.5 times enhancement can be expected from the decrease in detuning factor Δ. The same trend was found for the values from the MO calculations, but the values seem overestimated. As shown by Equation (1), the resonance enhancement by Δ is not the only factor to govern the σ(2) value but also the transition dipole moments, particularly μfk [20,21], play an important role. However, this analysis suggests that the resonance enhancement caused by lowering the intermediate excited state is one of the contributing mechanisms for the large σ(2) of Ru-2. Further studies, such as the analysis on the transition dipole moments, are needed to fully understand the mechanisms.




4. Materials and Methods


4.1. General


UV-visible absorption spectra of the samples were measured with a spectrophotometer (Shimadzu UV3150, Kyoto, Japan), using 1-cm quartz cells. Spectroscopic grade dichloromethane was used as solvent. Ru-1 and Ru-2 were synthesized as previously reported [4,5,14].




4.2. Nonlinear Absorption Measurements


Nonlinear optical measurements were performed by the Z-scan method [22] with a femtosecond optical parametric amplifier (Spectra-Physics TOPAS Prime, operating at 1 kHz, Santa Clara, CA, USA) as the light source. The home-made setup reported elsewhere [23] was used to obtain the spectrum. Pulse width of the laser (95–130 fs, depending on the wavelength, in full width at half maximum in Gaussian fit) was measured at each wavelength and used for the calculation of the TPA cross-section. The sample solution was held in a quartz cell with a path length of 2 mm, which is shorter than the Rayleigh rang used (4–5 mm), and filled the thin sample condition [22]. A micro magnetic stirring bar (1.5 mm in diameter and 8 mm in length), whose polytetrafluoroethylene coating was thinned with a knife, was used for stirring the sample solution. The thinned stirring bar, placed in the 2-mm cell, can rotate vertically, driven by a small magnetic stirrer head placed under the cell. As for nonlinear absorption (NLA) data, the open-aperture configuration was employed to record the transmittance of the whole beam passed through the sample, which was plotted against the position of the sample scanned along the propagating direction of the laser beam. The NLA appeared as depression of transmittance around the focal point. The obtained open-aperture traces were analyzed with the theoretical equation for the transmittance T of the spatial and temporal Gaussian pulses, assuming only TPA as the NLA process involved [23]


T(ζ)=Tl(1−R)2πq(ζ)∫−∞∞ln[1+q(ζ)exp(−x2)]dx



(2)




where q(ζ)=q0/(1+ζ2) and ζ=(z−z0)/zR are the normalized sample positions, z0 is the focal position, zR is the Rayleigh range, Tl is the linear transmittance of the sample, R is the Fresnel reflectance at the cell wall. The on-axis peak two-photon absorbance at the focal point (ζ=0) is


q0=α(2)I0Leff(1−R)



(3)




and it is proportional to the TPA coefficient α(2), the on-axis peak intensity of the laser pulse at the focal point I0, and the effective path length Leff=[1−exp(−αL)]/α. Here, α is the linear (one-photon) absorption coefficient and L is the physical pathlength. Thus, Tl=exp(−αL). TPA cross-section was calculated based on the convention


σ(2)=α(2)NEph



(4)




where N is number density of molecules and Eph is the photon energy of the incident light.



Saturable absorption (SA) is the phenomenon, where decrease of absorption (and thus, increase in transmittance) occurs as the excitation intensity increases, because of population depression in the initial state of the transition. The above-mentioned analysis is modified for the case that the SA of one photon absorption was observed, by phenomenologically introducing the intensity-dependent absorption coefficient as [24]:


α(I)=α01+I/IS



(5)




where IS is the saturation intensity at which α(IS)=α0/2 and α0 is the intensity-independent absorption coefficient. Open-aperture Z-scan trace of the M-letter-like shape, i.e., the dip at the focal point and positive peaks both side of it, can be analyzed by replacing α in the previous equations with α(I) in Equation (5).



The transmittance change can occur not only by the process of interest (here, TPA) but also by any other trivial processes. We have changed excitation power (for 0.07–0.4 mW, corresponding to I0 of 25–160 GW/cm2) at some wavelengths (called the power-scan procedure). With this procedure, we confirmed both that the observed open-aperture Z-scan trace is reproduced by Equation (2) and that the power dependence of the obtained q0 is proportional to the excitation power as predicted in Equation (3), which is reliable evidence to show that the observed NLA is ascribed to the TPA process. Moreover, the TPA spectra were obtained by changing the wavelength with a small step while keeping the excitation power (called as WL-scan procedure). The excitation power was 0.4 mW and corresponded to I0 of 160–250 GW/cm2 depending on the wavelength. The agreement between the data obtained by WL-scan with that by power-scan procedures ensured that the obtained spectra are ascribed to the TPA process. In-house standard compound (1,4-bis(2,5-dimethoxy-4-{2-[4-(N-methyl)pyridin-1-iumyl]ethenyl}-phenyl)butadiyne triflate (MPPBT) [20] in dimethyl sulfoxide) was measured at the same time for all samples and used for the spectral correction of the TPA cross-section.





5. Conclusions


In this work, the TPA cross-sections σ(2) of one mononuclear complex and one dinuclear Ru(II) complex were investigated. During the measurements, a large artifact was found due to the formation, by TPA-induced photochemical reaction, of an intermediate that absorbs more of the incident laser light. This artifact, which causes overestimation of σ(2) values by at least ten times, was removed by stirring the solution with a magnetic stirrer, thus allowing the measurement of the TPA cross-section of these complexes with good reproducibility and small uncertainty.



The σ(2) values of these ruthenium complexes are moderately large: 1700 GM for Ru-2 and 280 GM for Ru-1, even though they are somehow lower than those of recently reported Ru(II) alkynyl complexes [25,26]. Interestingly, the dinuclear complex Ru-2 showed a significant enhancement (~6 times) of σ(2) with respect to the mononuclear complex Ru-1, though the magnitudes of the OPA spectra were almost the same. As expected by the presence of two metal units, the binuclear complex Ru-2 displays better nonlinear absorption, but the enhancement is more than the Ru number effect. The DFT calculations put in evidence the difference of planarity for the complexes and the red-shift of the absorption band on going from Ru-1 to Ru-2. The lowering of the excited state further supports the difference in the detuning factor for the three-state model of σ(2). This suggests that the small detuning energy of Ru-2 is one of the probable reasons for the enhancement. The difference in the configurational arrangement of the subunits causes a difference in planarity and in the number of metal cores, directly linked to the magnitude of σ(2). Although our results do not provide a clear understanding of the origin of the TPA response, they give some key insights, suggesting that a suitable arrangement of Ru(II) σ-acetylide, as the donor unit, and di(thienyl)benzothiadiazole, as the acceptor unit, is a novel route for the preparation of promising TPA materials.
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Figure 1. The chemical structures of the Ru(II) complexes studied and the design motif with electron donor (D) and acceptor (A) moieties. 
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Figure 2. Linear absorption spectra (curve) of (a) Ru-1 and (b) Ru-2 in dichloromethane and the oscillator strength (f, bar with dot) obtained from molecular orbital calculation at the B3LYP/6-31G(d) (lanl2DZ for Ru) level in a vacuum. 
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Figure 3. Molecular orbital (MO) pattern of the MO’s related to the major one-photon absorption (OPA) transitions of Ru-1. Calculated at the B3LYP/6-31G(d) (lanl2DZ for Ru) level in the vacuum. 
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Figure 4. Open aperture Z-scan traces of Ru-2 in dichloromethane at 960 nm (a) without and (b) with stirring sample, and (c) the comparison of the same data. The arrows in Panels (a) and (c) show the scanning directions. (d) The trace of the known sample that only shows two-photon absorption (MPPBT/DMSO, see Section 4). The incident power was 0.4 mW. 
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Figure 5. Comparison of the TPA spectra of (a) Ru-1 and (b) Ru-2 complexes with (circle) or without (triangle) stirring the solution. 
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Figure 6. One-photon (plain line) and two-photon absorption spectra of (a) Ru-1 and (b) Ru-2 in dichloromethane. The open circles are the values obtained with the WL-scan procedure and filled squares with error bars are those with the power-scan procedure (see text). For the data at 860 nm or shorter, saturable absorption (SA) of OPA was significantly observed and the analysis considering SA was employed for Ru-2. 
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Table 1. Transition energy (wavelength), oscillator strength f, and the dominant electronic configuration (orbital contribution) of selected excited states of Ru-1 and Ru-2 calculated at the B3LYP/6-31G(d) (lanl2DZ for Ru) level in vacuum. The information including the other excited states are summarized in Table S1 in Supplementary Materials.
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Ru-1

	
Ru-2






	
S1

	
1.72 eV (720 nm), f = 0.87

	
S1

	
1.65 eV (753 nm), f = 0.88




	

	
HOMO → LUMO, (93.9%)

	

	
HOMO → LUMO, (99.0%)




	
S4

	
2.03 eV (610 nm), f = 0.19

	
S9

	
2.85 eV (434 nm), f = 0.09




	

	
HOMO-1 → LUMO, (6.1%)

	

	
HOMO-5 →LUMO, (88.2%)




	

	
HOMO-1 → LUMO+1, (89.6%)

	

	
HOMO → LUMO+3, (8.2%)




	
S11

	
3.04 eV (408 nm), f = 1.21

	
S10

	
2.91 eV (427 nm), f = 1.30




	

	
HOMO-1 → LUMO+4, (5.0%)

	

	
HOMO-5 → LUMO, (8.2%)




	

	
HOMO → LUMO+3, (87.8%)

	

	
HOMO → LUMO+3, (84.8%)
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Table 2. TPA cross-section σ(2) values obtained with the power-scan procedure.
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Wavelength/nm

	


σ(2)/GM *












	
Ru-1

	
Ru-2






	
800

	
280 ± 40

	
1700 ± 170 **




	
840

	
260 ± 30

	
1100 ± 110 **




	
960

	
110 ± 30

	
620 ± 120




	
970

	
120 ± 20

	
780 ± 130








Note: * 1 GM = 10−50 cm4 molecule−1 photon−1. ** Saturable absorption of the one-photon absorption was considered.
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