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Supramolecular Zinc Phthalocyanine-Perylene Bisimide Triad: Synthesis and Photophysical Properties Yu Chen,*,† Ying Lin,† Mohamed E. EI-Khouly,*,‡,§ Xiaodong Zhuang,† Yasuyuki Araki,*,‡ Osamu Ito,‡ and Weian Zhang† Laboratory for AdVanced Materials, Department of Chemistry, East China UniVersity of Science and Technology, 130 Meilong Road, Shanghai 200237, People’s Republic of China, Institute of Multidisciplinary Research for AdVanced Materials, Tohoku UniVersity, Katahira 2-1-1, Aoba-ku, Sendai, 980-8577 Japan, and Department of Chemistry, Faculty of Education, Tanta UniVersity, Egypt ReceiVed: August 15, 2007; In Final Form: September 18, 2007



A donor-acceptor-donor molecule, PcZn-Pim-PcZn triad, which would be applied to improve the light absorption efficiency and achieve the efficient charge-separation states for appropriately long times, was prepared by reacting 3,4,9,10-perylene-tetracarboxylic dianhydride (Pim) with tBu3(NH2)PcZn at 190 °C. The charge-separation process is anticipated to occur via the excited singlet state of the zinc phthalocyanines (1PcZn*) and perylene (1Pim*), depending on the excitation wavelength of the light used in polar and nonpolar solvents. The lifetime of the charge separated states was estimated as 20-25 ns.



Achieving a long-lived charge-separation state after photoexcitation is the key to realize artificial photosynthesis and optoelectronic conversion in supramolecular systems. The supramolecular approach of building new systems based on porphyrin and phthalocyanine is beginning to provide wellcharacterized donor-acceptor systems,1 which could eventually be used for the development of solar energy harvesting and optoelectronic devices. Phthalocyanines (Pc), porphyrins, perylenebisimide (Pim) dyes, and fullerenes are excellent building blocks of supramolecular systems for the study of photoinduced charge separation reactions via time-resolved ultrafast spectroscopic techniques, and have been applied to construct organic solar cells due to their outstanding optoelectronic properties and structural flexibility which make them the promising candidates required for the practical organic solar cells.2 Recently many research groups have systematically studied the Pc-based molecular systems,3 in which quinones and C60 have been used as electron acceptors; although quinones have been widely studied for a long time, the spherical all-carbon molecule C60 is now believed to be an excellent electron-acceptor relative to the quinones due to its relatively low reorganization energy (about 0.7 eV), larger exciton diffusion length (77 ( 10 Å), and sufficently high electron affinity.2c,2e Other kinds of important electron acceptors and electron transporting materials are perylene derivatives with planar structures, e.g., N,N′bisalkyl-3,4,9,10-perylenebiscarboximides and 3,4,9,10-perylenetetracarboxylic bisbenzimidazols, have also been widely investigated.2d,4 Their largest electron diffusion lengths, electron affinities, and molar absorption coefficients reach up to 30 ( 3 Å, 3.85 eV, and 58 000 M-1 cm-1 (at 490 nm), respectively.4 * To whom correspondence should be addressed. [email protected]; [email protected]. † East China University of Science and Technology. ‡ Tohoku University. § Tanta University.
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In the solid states, the combination of the perylene derivatives and phthalocyanines affords broad absorption bands which can cover about half the useful solar light spectrum. In a dispersed heterojunction solar cell device, both photocurrent generation and charge transport are functions of morphology.5 The former requires uniform blending on the scale of the exciton diffusion length, whereas the latter requires continuous paths from interface to contacts.5 In practice, many materials tend to segregate when blended, leading to a lower device performance. A convenient route to restrain phase separation is linking π-conjugated soluble electron-donor and electron-acceptor via a covalent bond. Although there have been several examples of the Pc-Pim ensembles in the literature,6 only one example concerns the covalently linked PcZnperylenediimide dyad.6a Very recently, Rodriguez-Morgade et al. reported the synthesis of a bis(phthalocyanine)perylenediimide donor-acceptor hybrid, in which a Pim dye is linked with two rethenium(II) phthalocyanine [Ru(CO)Pc] via strong metal coordination.6b Our current interest in the Pc-Pim supramolecular ensembles mainly involves the optical and photoinduced electron-transfer process of a donor-acceptordonor molecule, PcZn-Pim-PcZn triad (Scheme 1), in which three components were directly connected with covalent bond. The PcZn-Pim-PcZn triad would be applied to improve the light absorption efficiency and achieve the efficient chargeseparation states with appropriately long lifetimes. The molecular structure of this kind of triad would be very favorable for the electron or hole transportion in the solar cell system due to the strong intermolecular π-π stacking interaction and for the elimination of the effect of phase separation on the device performance. PcZn-Pim-PcZn triad was synthesized according to a similar method for the preparation of N,N′-dialkyl substituted 3,4,9,10-perylenetetracarboxdiimides.7 In a typical procedure, © 2007 American Chemical Society
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SCHEME 1: Synthesis of the PcZn-Pim-PcZn Triad



Figure 1. Absorption spectra of the PcZn-PIm-PcZn triad (T) and PcZn reference in benzonitrile (BN) and toluene (TN).



the reaction mixture of 3,4,9,10-perylenetetracarboxylic dianhydride (66 mg, 0.17 mmol), zinc tri-tert-butylaminophthalocyanine [tBu3(NH2)PcZn]8 (274 mg, 0.36 mmol), Zn(OAc)2 (500 mg) in dry quinoline (10 mL) was refluxed at 190 °C under argon for 20 h, and then cooled to room temperature. After removal of quinoline at 150 °C under high vacuum, the mixture was dissolved in CHCl3, and washed with a large amount of water to remove Zn(OAc)2. CHCl3 was removed from the solution by evaporation to give the crude product which was further subject to column chromatography (silica gel, toluene/ethyl acetate as eluent) to give the pure PcZn-Pim-PcZn triad in 30% yield (95 mg). The molecular ion peak at m/z ) 1879 was detected in the MALDI-TOF-MS of PcZn-Pim-PcZn triad. Elemental analysis results of this triad are in agreement with its calculated values (calcd for C112H86N18Zn2O4: C, 71.60%; H, 4.61%; N, 13.42%; found: C, 71.12%; H, 4.78%; N, 13.60%). NMR spectra also support the structure of PcZn-Pim-PcZn triad (see the Supporting Information, Figures S1 and S2). The UV/vis absorption spectrum of the triad in toluene (Figure 1) displays Q-band absorption of PcZn at 683 nm. Such absorption maxima showed a notable red shift relative to the PcZn reference compound. The Pim moiety exhibited absorption bands at 505, 483, 440, and 413 nm. It was observed that the absorption bands shift to longer wavelengths by changing the solvent from toluene to benzonitrile; the shift of the Q-band of PcZn from 683 to 688 nm can be attribute to ligation of benzonitrile to the zinc atom, whereas shifts of Pim absorption bands are due to the solvent polarity effect. On addition of tetrakis(dimethylamino)ethylene (TDAE), which is well-known as a strong one-electron reducing reagent, to the triad in benzonitrile, new absorption peaks appeared at 694, 789, and 960 nm, which were attributed to Pim•- (see the Supporting Information, Figure S3). The photoexcited states of the PcZn-Pim-PcZn triad were investigated by steady-state fluorescence measurements (Figure 2). When the PcZn moiety of PcZn-Pim-PcZn was excited with 670 nm light, the fluorescence intensity of PcZn at 670 nm decreased compared with that of PcZn reference in toluene, suggesting quenching of the singlet excited-state of the PcZn moiety (1PcZn*) by the appended Pim entity. Changing the solvent from toluene to a more polar benzonitrile increased the overall quenching efficiency. It may also be mentioned here that the emission peak of 1PcZn* in PcZn-Pim-PcZn slightly shifted to the red compared with that of the PcZn reference,



whereas this shift increases from toluene to benzonitrile, which corresponds to the absorption peak shifts. By employing 490 nm as the excitation light, the emission peaks of 1Pim* in toluene were observed at 534 and 569 nm. Changing the solvent from toluene to benzonitrile leads to a 10 nm red-shift of the emission peaks and increases the overall quenching efficiency(see the Supporting information, Figure S4). Importantly, when exciting the Pim moiety at 490 nm, no PcZn fluorescence was detected around 680 nm. This finding is helpful in ruling out the transer of the singlet excited-state energies from 1Pim* to PcZn in PcZn-Pim-PcZn, although this process is feasible with a higher energy level of 1Pim* than that of 1PcZn* by 0.31 eV. This implies that the direct charge-separation takes place via 1Pim*. These steady-state fluorescence observations were tracked by the fluorescence time profile measurements, which showed the shortening of the fluorescence lifetimes of ZnPc from 2.0 to 0.2 ns on going from ZnPc reference to PcZnPim-PcZn in polar and nonpolar solvents. For Pim, the shortening of the fluorescence lifetimes was similarly observed from 5.0 to 0.2 ns. These observations suggests the efficient charge separation taking place in PcZn-Pim-PcZn via both 1PcZn* and Pim* in the charge-separation rates of ca. 4 × 109 s-1. We have performed a systematic study to evaluate the redox behavior of the triad using differential pulse voltammetric technique in benzonitrile. The first oxidation potential (Eox) for PcZn and the first reduction potential (Ered) for Pim were evaluated as +0.70 and -0.80 V vs Ag/AgCl, respectively (see the Supporting Information, Figure S5). The free-energy changes for charge-separation (-∆GCS) via excited states and charge recombination (-∆GCR) can be calculated based on the electrochemical data by the Rehm-Weller eqs 1-39



-∆GCR ) e(Eox - Ered) + ∆GS



(1)



-∆GCS ) ∆E0-0 - (-∆GCR)



(2)



-∆GS ) (e2/(4π0))[(1/(2R+) + 1/(2R-) - 1/RD-R)/S (1/(2R+) + 1/(2R-)) /R] (3) where ∆E0-0 refers to energy of the 0-0 transition energy gap between the lowest excited state and the ground state of PcZn (1.80 eV) and Pim (2.11 eV) depending on the excitation wavelength and ∆Gs refers to the salvation energy.9 R+and Rare radii of the radical cation of PcZn (6.6 Å) and the radical anion of Pim (6.6 Å), respectively; e, 0, S, and R are referred to elementary charge, vacuum permittivity, and static permittivities of the solvents used for rate measurements and redox potential measurements, respectively. The charge-separated states, which are equal to ∆GCR, of PcZn•+-Pim•- lie at 1.38
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Figure 2. Steady-state fluorescence spectra of PcZn-PIm-PcZn triad (T) in BN and TN; λex ) 670 nm.



Figure 3. HOMO, HOMO-1, and LUMO of PcZn-Pim-PcZn triad calculated by ab initio B3LYP/3-21G methods.



and 1.72 eV in benzonitrile and toluene, respectively. From these results, the charge-separation process is anticipated to occur via 1PcZn* (0.42 eV (in BN) and 0.08 eV (in TN)) and 1Pim* (0.73 eV (in BN) and 0.39 eV (in TN)). The electrochemical measurements are in line with the picture of the electronic structure of PcZn-Pim-PcZn which emerges from the molecular orbital calculations at ab intio B3LYP/321G levels, as shown in Figure 3. The center-to-center distance between PcZn and Pim (RD-R in eq 3) was found to be 12 Å. The majority of the HOMO (highest occupied molecule orbital) is located in the PcZn ring. On the other hand, the majority of the LUMO (lowest unoccupied molecular orbital) is located on the Pim moiety. These observations suggest the existence of a charge-transfer state (PcZn•+-Pim•-), which is generated by transferring completley an electron from the PcZn entity to the Pim moiety. The orbital energies of the HOMO and HOMO-1 and LUMO were found to be -2.10, -2.11, and -0.90 eV, respectively. The HOMO and HOMO-1 are nearly degenerate. The calculated HOMO-LUMO gap was evaluated as 1.16 eV, which is slightly smaller than the electrochemically observed HOMO-LUMO gap (Eox - Ered ) 1.30 eV). A small difference is reasonable due to solvent polarity and presence of electrolyte. The nanosecond transient absorption spectra were observed in Ar-saturated toluene by applying 532 nm laser light, which exclusively excited the Pim moiety in PcZn-Pim-PcZn (see the Supporting information, Figure S6). The transient absorption



Letters spectra revealed sharp absorption bands in the range 900-1000 nm with fast rise and decay. These absorption peaks can be ascribed to Pim•-. The absorption peaks at 720 and 950 nm of Pim•- were hidden within the emission of PcZn in this region. The rapid rise suggests that the charge-separation process takes place from the singlet excited states; from 1PcZn* to Pim and/ or from PcZn to 1Pim*. The decays of the Pim•- moiety at 980 nm can be attributed to charge recombination of PcZn•+-Pim•to the ground state but not to the triplet states, because no triplet states were observed. The rates of the charge recombination (kCR) were evaluated as 4.0 × 107 s-1 in toluene and 5.1 × 107 s-1 in benzonitrile. From the kCR values, the lifetimes of the charge separated states can be estimated as 25 ns in toluene and 20 ns in benzonitrile. In summary, the PcZn-Pim-PcZn triad system was newly synthesized by reacting 3,4,9,10-perylene-tetracarboxylic dianhydride with zinc tri-tert-butylaminophthalocyanine [tBu3(NH2)PcZn] in the presence of zinc acetate at 190 °C. The charge-separation process is anticipated to occur via the singlet state of the zinc phthalocyanines (1PcZn*) and perylene (1Pim*), depending on the excitation wavelength of the light in polar and nonpolar solvents. The lifetimes of the charge separated states were estimated as 20-25 ns. A larger question, which only further experimentation can answer, is whether the solidstate properties of this new compound will be suitable for the photovoltaic applications we envisioned. This will depend greatly on the methods of thin-film formation that turn out to work for this compound, since crystal morphology, crystal defects, and grain boundaries have a large impact on the overall behavior of any photovoltaic material. Even if the solid-state properties turn out to be less than ideal, however, this new compound may find applications in liquid junction, “Graetzel”type solar cells. Acknowledgment. We are grateful for the financial support of National Natural Science Foundation of China (20676034), ECUST (YJ0142124), China/Ireland Science and Technology Collaboration Research Foundation (CI-2004-06), New Century Excellent Talents in University (NCET-050413), Shanghai Municipal Educational Commission (SMEC-05SG35), and Science and Technology Commission of Shanghai Municipality (STCSM-05XD14004), respectively. Supporting Information Available: General measurement techniques, steady and transient spectral data, and electrochemical data. This material is available free of charge via the Internet at http://pubs.acs.org. References and Notes (1) (a) Chen, Y.; Ei-Khouly, M. E.; Sasaki, M.; Araki, Y.; Ito, O. Org. Lett. 2005, 7, 1613-1616. (b) El-Khouly, M. E.; Ito, O.; Smith, P. M.; D’Souza, F. J. Photochem. Photobiol. C: ReV. 2004, 5, 79-104. (2) (a) Kitazume, K.; Chen, Y.; Itou, M.; Araki, Y.; Uchida, S.; Ito, O. J. Porphyrins Phthalocyanines 2006, 10, 1190-1196. (b) Chen, Y.; Doyle, J.; Liu, Y.; Strevens, A.; Lin, Y.; EI-Khouly, M. E.; Araki, Y.; Blau, W. J.; Ito, O. J. Photochem. Photobiol. A: Chem. 2007, 185, 263-270. (c) Roncali, J. Chem. Soc. ReV. 2005, 34, 483-495. (d) Woehrle, D.; Kreienhoop, L.; Schnurpfeil, G.; Elbe, J.; Tennigkeit, B.; Hiller, S.; Schlettwein, D. J. Mater. Chem. 1995, 5, 1819-1829. (e) Uchida, S.; Xue, J.; Rand, B. P.; Forrest, S. R. Appl. Phys. Lett. 2004, 84, 4218-4221. (3) de la Torre, G.; Nicolau, M.; Torres, T. In Phthalocyanines: Synthesis, Supramolecular Organization and Physical Properties; Nalwa, H. S., Ed.; Academic Press: New York, 2001. (4) (a) Lukas, A. S.; Zhao, Y.; Miller, S. E. P.; Wasielewski, M. R. J. Phys. Chem. B 2002, 106, 1299-1306. (b) Wuerthner, F.; You, C. C.; SahaMoller, C. R. Chem. Soc. ReV. 2004, 33, 133-146. (c) Wuerthner, F.; Stepanenko, V.; Chen, Z.; Sha-Moeller, C. R.; Kocher, N.; Stalke, D. J.
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