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Synthesis and photophysical properties of a [60]fullerene compound with dimethylaniline and ferrocene connected through a pyrazolino group: a study by laser ﬂash photolysiswz Juan L. Delgado,a Mohamed E. El-Khouly,bc Yasuyuki Araki,c Marı´ a J. Go´mezEscalonilla,a Pilar de la Cruz,a Fre´de´ric Oswald,a Osamu Ito*c and Fernando Langa*a Received 21st February 2006, Accepted 2nd August 2006 First published as an Advance Article on the web 14th August 2006 DOI: 10.1039/b602633h Pyrazolino[60]fullerene covalently-linked to ferrocene and N,N-dimethylaniline groups has been prepared and studied using time-resolved spectroscopic methods. The ﬂuorescence quenching of the C60 moiety indicates that charge-separation takes place via the singlet excited state of the C60 moiety in both polar and non-polar solvents. The charge-separated state, in which an electron is localized on the C60 sphere and a hole is located on the whole donor moieties of ferrocene, pyrazole, and N,N-dimethylaniline groups, has been conﬁrmed by nanosecond transient spectra in the visible and near-IR spectral region. The lifetimes of the radical ion-pairs are as long as 30–50 ns in both polar and non-polar solvents.



Introduction In the last decade, a great deal of research has been directed toward exploiting the photophysical1 and electrochemical2 properties of fullerenes, particularly in the ﬁeld of artiﬁcial photosynthesis and molecular electronic devices.3 For this reason, a variety of dyads containing C60 covalently linked with electron donors have been prepared.4 Remarkably small reorganization energies5 associated with the reduction of the C60 cage lead to eﬃcient photoinduced electron transfer occurring, with the generation of relatively long-lived charge-separated (CS) states. One of the most attractive strategies for developing artiﬁcial photosynthetic systems is to link various electron donors in a covalent manner to the fullerene cage to attain eﬃcient intramolecular electron transfer and to generate long-lived CS states.6 This approach imitates the ‘‘electron hopping’’ in photosynthesis by generating a reduction gradient between the donor and acceptor units, a process that introduces additional electroactive moieties. Among the diﬀerent donors, ferrocene (Fc) and N,N-dimethylaniline (DMA) groups have been shown to be excellent donors in C60-dyads, and eﬃcient a
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photoinduced electron transfer has been observed in some of these systems.7 In terms of synthesis, the 1,3-dipolar cycloaddition of nitrile imines has been proven to be a general and versatile method for preparing C60 derivatives, termed 2pyrazolino[60]fullerenes (PzC60). In these materials, the ﬁrst and second reduction potentials are anodically shifted (B100 mV) relative to other 1,2-disubstituted fullerenes, such as pyrrolidino[60]fullerenes, and they show similar reduction values to the parent C60. This shift is attributed to the electronic character of the nitrogen atom covalently linked to the C60 core.8,9 Moreover, in contrast to pyrrolidino[60]fullerenes, 2-pyrazolino[60]fullerenes show eﬃcient photoinduced electron transfer from the pyrazoline ring to the fullerene sphere,10 conﬁrming the particular properties of this family of fullerene derivatives. In C60-donor-based systems, the pyrazoline ring can therefore provide an intermediate step in the photoinduced electron transfer process from the donor to the C60 cage, participating in the potential gradient indicated above. Given the above information, we report here the synthesis and properties of triad 3 (Scheme 1), in which Fc and DMA groups attached to PzC60 as a pair of buckhorns (ESI, Fig. S1z). The photophysical properties were assessed using the steady-state spectra, time-resolved ﬂuorescence and nanosecond transient absorption techniques in various solvents, expecting a synergistic eﬀect of these donor groups on eﬃcient photoinduced charge-separation and on the prolongation of the CS state.



Results and discussion Synthesis and characterization The synthesis of compound 3 is depicted in Scheme 1. NAnilino-2-pyrazolino[60]fullerene 2 was obtained in 72% yield This journal is
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Scheme 1



Synthesis of triad 3.



by treatment of p-nitrophenyl-2-pyrazolino[60]fullerene 18 with Sn/HCl.11 Triad 3 was prepared from 2 by reaction with ferrocenoyl chloride with 78% yield. As reference compounds, we prepared 1 0 ,3 0 -dimethyl-2-pyrazolino[60]fullerene (4) and 3 0 -ferrocenyl-1 0 -(4-nitrophenyl)pyrazolino[60]fullerene (5),8 as shown in Chart 1. It should be remarked that compound 4 is the simplest 2-pyrazolino[60]fullerene prepared up to now. In all previously prepared members of this family, the substituent on the N-1 atom of the pyrazoline ring has always been an aryl group. In comparison to 4, the inﬂuence on the photophysical properties of the newly attached moieties can be clearly observed. The structures of cycloadducts 2, 3 and 4 were conﬁrmed by analytical and spectroscopic data, as described in the Experimental section. Computational studies on compound 3 The computational studies were performed using Density Functional Theory (DFT) methods at the B3LYP/3-21G(*) level in an eﬀort to gain an insight into the electronic structure. The molecular frontier orbitals of 3 are shown in Fig. 1. The majority of the electron distribution of the HOMO and HOMO-1 was located on the dimethylaniline and ferrocene moieties as well as the pyrazole ring. On the other hand, the LUMO was located on the C60 spheroid, suggesting that the stable CS states may be (DMA–Pz–Fc) +–C60 . The centerto-center distances (RD–A) between dimethylaniline-C60 and ferrocene-C60 were evaluated to be 9 A˚ and 17 A˚, respectively. The gas phase HOMO–LUMO energy gap was found to be 1.36 eV, which is in good agreement with the electrochemically measured diﬀerence between the ﬁrst oxidation and ﬁrst reduction potentials (1.17 eV) in o-dichlorobenzene/acetonitrile (4 : 1).



Chart 1 Reference compounds 4 and 5.
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Electrochemistry The electrochemical properties of the fullerene derivatives (2 and 3) and the reference compounds (4 and 5) were studied using Cyclic Voltammetry (CV) and Osteryoung Square-Wave Voltammetry (OSWV) techniques at room temperature in o-dichlorobenzene/acetonitrile (4 : 1) as the solvent with n-Bu4N+ClO4 as a supporting electrolyte. The electrochemical properties of 3 were also studied in o-dichlorobenzene and benzonitrile in order to evaluate the inﬂuence of solvent polarity on the redox potentials. The CV plot of 3 in o-dichlorobenzene is shown in Fig. 2 and the OSWV data for compound 3 are collected in Table 1, along with those for C60, anilinofullerene precursor 2 and the reference compound 4. In the observation window, the PzC60 systems (2–4) showed three reversible reduction waves (for example, see CV in Fig. 2 for 3), where the ﬁrst reduction potential (E1red) appeared at slightly more negative values (30–60 mV) than that of pristine C60, but with similar values to those determined for other PzC60 derivatives.8 On the oxidation side, compound 2 shows two irreversible waves at +0.16 V and +0.32 V, which are assigned to the DMA group and to the free aniline group, respectively, by comparison with related compounds.11 3 shows a broad oxidation wave at +0.19 V; the broad asymmetric signal suggests that both the Fc and DMA groups are responsible for this oxidation wave. A second oxidation wave at +0.62 V was assigned to the oxidation of the Pz group. Finally, the experimental HOMO–LUMO gap, determined as the diﬀerence between E1red and E1ox, is as low as 1.17 eV mainly due to the good electron aﬃnity shown by the [60] fullerene moiety.



Fig. 1 Molecular orbitals of 3.
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Table 2 Free-energy changes of charge-separation (DGCS)a and charge-recombination (DGCR) for compound 3 in diﬀerent solvents Solvent



DGCR/eV



DGCS/eV via 1C60*



DGCS/eV via 3C60*



DCB/AN DCB BN



1.17 1.19 1.13



0.58 0.56 0.62



0.33 0.31 0.37



E00 = 1.75 eV for 1C60*, and E00 = 1.50 eV for 3C60*. For (DMA–Pz–Fc) +C60 , the E1ox appeared at the same position as a broad CV signal was used. In eqn (3), R+ = 4.8 A˚, R– = 4.2 A˚, DGCS for (DMA +–Pz–Fc)–C60 – is slightly more negative than that for (DMA–Pz–Fc +)–C60 –, because of the shorter RD–A, even though the E1ox value is the same. a



Fig. 2



Cyclic voltammogram of 3 in o-dichlorobenzene.



Steady-state absorption spectra E1ox



E1red



From the and values, the free-energies (DGCR) for the charge recombination process of (DMA–Pz–Fc) +–C60  were calculated from the Rehm–Weller relation (eqn (1)).12 Here, DGs refers to the static energy that is calculated according to eqn (2) (in o-dichlorobenzene) or eqn (3) (in benzonitrile):13 1 1 DGCR ¼ eðEox  Ered Þ þ DGs



ð1Þ



DGs ¼ e2 =ð4pe0 eR RDA Þ



ð2Þ



DGs ¼ e2 =4pe0 ½ð1=2Rþ þ 1=2R  1=RDA Þð1=es Þ  ð1=2Rþ þ 1=2R Þð1=eR Þ



ð3Þ



Here, the terms e, e0, es and eR refer, respectively, to elemental charge, vacuum permittivity and static dielectric constant of the solvent used for rate measurements and redox potential measurements. From DGCR and excited energies (DE00), the free-energy changes in the charge-separation process (DGCS), listed in Table 2, were calculated from eqn (4). DGCS ¼ DE00  ðDGCR Þ



The steady-state absorption spectra of 3 measured in toluene, benzonitrile and o-dichlorobenzene are shown in Fig. 3 (upper panel). The absorption shoulder at 370 nm and the weak peak at 430 nm are attributed to the pyrazoline–C60 systems. The absorption band of the Fc moiety was expected to appear in the 400–500 nm region, but its intensity is quite weak and hidden by the extremely strong absorption band of C60 in this region. On addition of tetrakis(dimethylamino)ethylene (TDAE), which is a strong electron donor, the absorption spectrum of 3 changed, as shown in Fig. 3 (lower panel); a new absorption appeared at 1000 nm with two shoulders at shorter wavelengths and two weak peaks at 1200 and 1400 nm. These peaks can be attributed to the radical anion of the C60 moiety. Steady-state ﬂuorescence spectra Photochemical behaviour of the excited singlet states of 3 was investigated through steady-state ﬂuorescence measurements on exciting the C60 moiety (lex = 400 nm). In all of the



ð4Þ



These DGCS values show that the charge-separation process via the excited singlet state of C60 (1C60*) is suﬃciently exothermic for 2 and 3 in polar solvents such as benzonitrile, o-dichlorobenzene, and o-dichlorobenzene/acetonitrile. The charge-separation process via the excited triplet state of C60 (3C60*) is also exothermic for 2 and 3 in these polar solvents.



Table 1 E values (in V vs. Ag/AgNO3) determined by OSWV of compounds 2–4 and C60 measured in diﬀerent solvents at room temperaturea Compound



Solventb



E1red



E2red



E3red



E1ox



E2ox



C60 2 3 3 3 4



DCB/AN DCB/AN DCB/AN DCB BN DCB/AN



0.94 1.00 0.98 1.00 0.94 0.97



1.36 1.40 1.37 1.39 1.35 1.39



1.84 1.90 1.87 1.92 1.87 1.92



— 0.16 0.19 0.17 0.22 —



— 0.32 0.62 0.63 0.62 —



a Experimental conditions: 0.1 M n-Bu4NClO4; scan rate = 100 mV s1. b DCB; o-dichlorobenzene AN; acetonitrile and BN; benzonitrile.
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Fig. 3 Steady-state absorption; 3 (0.01 mM) in benzonitrile (BN), o-dichlorobenzene (DCB) and toluene (upper panel) and 3 in the presence of TDAE in o-dichlorobenzene (lower panel).
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Fig. 6 Fluorescence decay proﬁle of 3 (0.1 mM) monitored at 710 nm. lex = 400 nm. Fig. 4 Steady-state ﬂuorescence spectra of 4 and 3 in toluene.



solvents studied, the emission intensities of 3 at 710 nm were signiﬁcantly quenched in comparison to those of the reference compound C60 (4) (Fig. 4). These observations suggest eﬃcient quenching of the 1C60* moiety by the appended donor entities. The ﬂuorescence quenching of 3 became more prominent on increasing the solvent polarity; in benzonitrile, the ﬂuorescence was too weak to observe the 710 nm peak. Time-resolved ﬂuorescence studies Time-resolved ﬂuorescence measurements have been performed in order to conﬁrm the steady-state ﬂuorescence spectra and to monitor the charge-separation process quantitatively. The time-resolved ﬂuorescence spectra of 3 in the time-region 0.1–1.0 ns are shown in Fig. 5. The positions of the



ﬂuorescence peaks are consistent with those observed by steady-state ﬂuorescence measurements. The ﬂuorescence decay-time proﬁles for 3 at 710 nm were recorded in diﬀerent solvents by applying 400 nm laser light (Fig. 6). The ﬂuorescence time proﬁle of C60 linked with nitrobenzene, as a reference compound, exhibited a single exponential decay with a lifetime (tf0) of 1.49 ns, which matches well with the reported values for C60 derivatives without donors.1,6 In all of the solvents studied, the lifetime (tf)sample values of 1C60* are shorter than the tf0 value. The decay in benzonitrile was too fast to be measured (tf o 30 ps). The ﬂuorescence decay time proﬁles of 3 in o-dichlorobenzene and toluene can be ﬁtted with two exponential components, from which the ﬂuorescence lifetimes and their fractions were evaluated (Table 3). These observations suggest that the attachment of the donor moieties leads to a new quenching pathway for C60. This quenching process is due to the charge separation from the donor moieties to the 1C60* moiety, which yields a CS state. The rate-constant (kCSS) and quantum-yield (FCSS) of the charge separation process were evaluated by eqn (5) and (6): kSCS ¼ ð1=tf Þsample  ð1=tf0 Þ FSCS ¼ fð1=tf Þsample  ð1=tf0 Þg=ð1=tf Þsample



ð5Þ ð6Þ



As listed in Table 3, the kCS values were evaluated from the shorter lifetimes as 3.2  109 s1 and 1.1  109 s1 in o-dichlorobenzene and toluene, respectively. The kCS value in benzonitrile is higher than 3.2  109 s1. The FCS values



Table 3 Fluorescence lifetimes (tf), CS rate constants (kCSS) and CS quantum yields (FCSS) of 3 in benzonitrile, o-dichlorobenzene and toluene Solvent



Lifetime (tf)/ns (fraction)



kCSS/s1



FCSS



BN DCB



o0.26 0.26 (78%) 1.60 (22%) 0.57 (61%) 1.60 (39%)



43.2  109 3.2  109a (2.5  109)b 1.1  109a (6.7  108)b



40.84 0.84a (0.65)b 0.62a (0.38)b



TN



Fig. 5 Time-resolved ﬂuorescence spectra of 3 in 0.1–1.0 ns time region.
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a Calculated from the fast component. of two components.



b



Calculated from the average
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were evaluated to be 0.84 and 0.61 in both o-dichlorobenzene and toluene, respectively. Further studies involving the nanosecond transient absorption technique have been performed to monitor the CR process of 3. The results of these studies are discussed in the following sections. Nanosecond absorption spectra The nanosecond transient absorption technique was applied in the visible and near-IR spectral region in several solvents with diﬀerent polarities. This technique involved the use of 532 nm laser light photolysis, which exclusively excites the C60 moiety. We initially obtained the nanosecond transient spectra of reference samples 4 and 5 (Fig. 7). The transient spectrum of 4 exhibited a main peak at 700 nm with a slow decay, which was unambiguously assigned to 3C60*. This suggests that the methyl substituents on the pyrazolino N atom and on the C atom of the CQN bond do not have suﬃcient donor ability to induce a CS process. In the case of 5, in which the pyrazolino N-atom is replaced by the nitrophenyl moiety and the C atom of CQN is replaced by Fc, the prolonged CS state was not appreciably observed in the nanosecond time region. This implies that when Fc and PzC60 are only a short distance apart, charge-separation and charge-recombination (CR) occur quickly, leaving a small amount of the 3C60* species. A similar transient spectrum was observed for 1 (ESI, Fig. S2z). The nanosecond transient absorption spectra of 3 in the visible and near-IR spectral regions were observed in Arsaturated toluene, anisole (ANS), o-dichlorobenzene and benzonitrile. The transient absorption spectra in toluene (Fig. 8) show the absorption band of 3C60* at 700 nm. In the longer wavelength region, two new absorption bands were observed at 1000 and 1200 nm. Compared with the steady-state absorption spectrum of the radical anion of 3 in Fig. 3 (lower panel), these absorption bands can be attributed to the C60  moiety. Similar transient absorption bands of the CS states, in the region of 800–1300 nm, have recently been reported by Ouchi et al.14 for C60 derivatives in which a nitrogen atom is directly bonded to the C60 sphere.



Fig. 7 Transient absorption spectra of 4 and 5 (0.1 mM) obtained by 532 nm laser light photolysis in Ar-saturated o-dichlorobenzene.
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Fig. 8 Transient absorption spectra of 3 (0.1 mM) obtained by 532 nm laser light photolysis in Ar-saturated toluene.



On subtracting the absorption of the C60  moiety (Fig. 3) from Fig. 8, extra absorption bands remaining in the 1100–1200 nm region can be attributed to the radical cation, to which (DMA–Pz–Fc) + is assigned.15 The time proﬁle in Fig. 8 shows the decay of the C60  moiety at 1000 nm within 100 ns; the decay obeys ﬁrst-order kinetics with a rate constant of 2.9  107 s1, which corresponds to the lifetime of the radical ion-pair (tRIP), evaluated as 35 ns. In benzonitrile, the absorption band of the 3C60* moiety at 700 nm was not observed, as shown by Fig. 9. The absorption bands observed at 1000 and 1200 nm are attributed to the C60  moiety and (DMA–Pz–Fc) + moiety, respectively. The decay of the C60  moiety was quite quick compared with that in toluene. The decay obeys ﬁrst-order kinetic with a rate constant of 3.7  107 s1, which corresponds to a CS state lifetime of 26 ns. In less polar solvents, such as anisole and o-dichlorobenzene, the transient absorption spectra of 3 were similar to those in benzonitrile, with only slight changes in the peak positions and width of the absorption bands in the



Fig. 9 Transient absorption spectra of 3 (0.1 mM) obtained by 532 nm laser light photolysis in Ar-saturated benzonitrile.
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Table 4 Charge-recombination rate-constants (kCR), lifetimes of the radical ion-pair (tRIP) and DGCR of 3 in benzonitrile, dichlorobenzene, anisole and toluene kCR/s1



Solvent BN DCB ANS TN



3.7 2.0 2.5 2.9



   



7



10 107 107 107



tRIP/ns



DGCR/eV



26 50 40 35



1.13 1.19 1.26 1.63



800–1400 nm region. The decay rates of the 1000 nm band are listed in Table 4. The addition of a small amount of acid to a solution of 3 in benzonitrile caused the transient spectra to show only the triplet state of the C60 moiety at 720 nm without forming the radical ion-pairs (ESI, Fig. S3z). The addition of acid led to a decrease in the absorption intensity of the 400–450 nm band in the steady-state absorption spectra, suggesting that protonation of the pyrazoline ring occurs in addition to protonation of the DMA group. This observation provides evidence for an important role of the DMA group as a donor in the CS process in addition to the Fc unit. The tRIP values decrease on increasing the solvent polarity (Table 4), which suggests that the CR process belongs to the inverted region of the Marcus parabola, since the reorganization energy may be smaller than the absolute free energy value of the CR process (DGCR) even in benzonitrile.16,17 Energy diagram The energy diagram can be depicted as in Fig. 10 on the basis of DGCS and DGCR data from Tables 2 and 4 and the energies of the lowest excited states of the C60 moiety. Judging from the energy level of the CS states in benzonitrile, o-dichlorobenzene and anisole, it is reasonable to consider that the CS states of 3 in these solvents are lower than the energy levels of 1C60* moiety and 3C60* moiety, from which CS is possible. CS via the 3C60* moiety was also conﬁrmed in benzonitrile by the absence of the 3C60* moiety. In toluene, on the other hand, the CS state may be located between the 1C60* moiety and the



3



C60* moiety. For this reason, CS via the 3C60* moiety does not occur.



Experimental Instrumental techniques 1



H NMR and 13C NMR spectra were recorded on Varian Mercury 200 and Varian Inova 500 spectrometers (ESI; Fig. S4–12z). FT-IR spectra were recorded on a Nicolet Impact 410 spectrophotometer using KBr disks. MALDI-TOF mass spectra were obtained on a Bruker ReﬂexIII spectrometer. The UV–Vis spectral measurements were obtained using a Jasco model V570 DS spectrophotometer and a Shimatzu spectrophotometer. Steady-state ﬂuorescence spectra were measured on a Shimadzu RF-5300 PC spectroﬂuorophotometer equipped with a photomultiplier tube possessing high sensitivity in the 700–800 nm region, and on a JASCO FP-750 spectrophotometer. Cyclic voltammetry measurements were carried out on an Autolab PGSTAT 30 potentiostat using a BAS MF-2062, 0.1 M n-Bu4N+ClO4 in ACN/DCB reference electrode (Ag/ AgNO3), an auxiliary electrode consisting of a Pt wire, and a Metrohm 6.1247.000 conventional glassy carbon electrode (3 mm o.d.) as a working electrode, directly immersed in the solution. A 10 mL electrochemical cell from BAS, Model VC2, was also used. E1/2 values were taken as the average of the anodic and cathodic peak potentials. Scan rate: 100 mV s1. The picosecond time-resolved ﬂuorescence spectra were measured by a single-photon counting method using Second Harmonic Generation (SHG, 400 nm) of a Ti:sapphire laser (Spectra-Physica, Tsunami 3950-L2S, 1.5 ps fwhm) and a streakscope (Hamamatsu Photonics) equipped with a polychromator (Action Research, SpectraPro 150) as an excitation source and a detector, respectively. Lifetimes were evaluated with software attached to the equipment. The nanosecond transient absorption spectra and time proﬁles in the near-IR region were measured by means of laser ﬂash photolysis; 532 nm light from a Nd:YAG laser (Spectra-Physics and Quanta-Ray GCR-130, 6 ns fwhm) was used as an excitation source. In the near-IR region (600–1200 nm), light from a pulsed Xe lamp was detected with a Ge avalanche photodiode module (Hamamatsu Photonics). All the samples were deaerated in a quartz cell (11 cm) by bubbling Ar through the solution for 15 min. Molecular orbital calculations Computational calculations were performed by ab initio B3LYP/3-21G(*) methods with the GAUSSIAN 03 software package on high-speed computers. The images of the frontier orbitals were generated from Gauss View 03 software. Synthesis



Fig. 10 Energy diagram for the charge-separated state of compound 3.
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30 -(4-N,N-Dimethylanilino)-10 -(4-anilino)-2-pyrazoline [40 ,50 :1,2] [60]fullerene (2). Tin (2 g) and HCl cc (25 mL) were added to a solution of 18 (0.05 mmol) in chloroform (20 mL). The reaction was stirred and heated under reﬂux for 2 h and neutralized with NaOH cc.11 The solvent from the organic phase was removed under reduced pressure. The solid was Phys. Chem. Chem. Phys., 2006, 8, 4104–4111 | 4109



puriﬁed by silica gel ﬂash chromatography, using toluene as eluent. The product was centrifuged three times with methanol, diethyl ether and pentane to achieve further puriﬁcation of the solid. Yield: 72%. FT-IR (KBr) n/cm1 3442, 1504, 1194, 810, 526; 1H NMR (CDCl3) d/ppm 3.04 (s, 6H), 3.71 (bs, 2H), 6.80 (m, 4H), 7.66 (d, 2H, J = 8.7 Hz), 8.20 (d, 2H, J = 8.7 Hz); 13C NMR (CDCl3) d 40.6, 83.0, 90.4, 112.2, 115.8, 120.3, 127.0, 130.0, 136.0, 136.4, 137.1, 139.8, 140.1, 141.7, 142.1, 142.2, 142.3, 142.7, 142.8, 143.1, 143.8, 144.3, 144.5, 144.7, 145.1, 145.2, 145.3, 145.6, 145.8, 146.1, 146.3, 146.4, 146.9, 147.0, 147.1, 147.5, 150.7; UV–Vis (CH2Cl2) lmax/nm (log e) 258 (5.0), 315 (4.6), 425 (3.7), 699(2.5); MALDI-TOF MS m/z 972.2, (M+), 720.1 (C60). 3 0 -(4-N,N-Dimethylanilino)-1 0 -(4-N-[ferrocenoyl)-phenylamide]-2-pyrazolino[4 0 ,5 0 :1,2][60]fullerene (3). Ferrocenoyl chloride (0.15 mmol) was added to an Ar-blanketed solution of 2 (0.03 mmol) in dichloromethane. The solution was stirred at room temperature for 24 h. The solvent was removed under reduced pressure. The resulting solid was puriﬁed by silica gel ﬂash chromatography using dichloromethane as eluent. Yield: 78%. FT-IR (KBr) n/cm1 1655, 1600, 1507, 1359, 1315, 1233, 1189, 1123, 1090, 1041, 805, 526; 1H NMR (CDCl3) d/ppm 3.06 (s, 6H), 4.25 (s, 5H), 4.40 (t, 2H, J = 1.9 Hz), 4.75 (t, 2H, J = 1.9 Hz), 6.79 (d, 2H, J = 9.0 Hz), 7.37 (bs, 1H), 7.67 (d, 2H, J = 8.9 Hz), 7.88 (d, 2H, J = 8.9 Hz), 8.17 (d, 2H, J = 9.0 Hz); 13C NMR (CDCl3) d/ppm 30.2, 40.5, 68.6, 70.3, 71.3, 112.3, 120.5, 125.0, 127.7, 128.6, 130.3, 135.5, 136.5, 136.6, 140.0, 140.4, 141.7, 141.8, 142.0, 142.5, 142.6, 142.7, 143.0, 143.1, 143.4, 145.4, 145.5, 145.6, 146.1, 146.2, 146.4, 146.6, 147.1, 147.4, 147.8, 150.9, 168.2; UV–Vis (CH2Cl2) lmax/nm (log e) 255 (4.6), 316 (4.4), 425 (3.1), 684 (2.5); MALDI-TOF MS m/z 1184.0 (M+), 720.1 (C60). 1 0 ,3 0 -Dimethyl-2-pyrazolino[4 0 ,5 0 :1,2][60]fullerene (4). An Ar-blanketed solution of NBS (0.29 mmol) and acetaldehyde methylhydrazone (0.29 mmol) in dry benzene (40 mL) was stirred at room temperature for 1.5 h. C60 (0.09 mmol) and NEt3 (0.29 mmol) were added to the mixture and this was stirred at room temperature for 5 h. The solvent was removed under reduced pressure and the resulting solid was puriﬁed by silica gel ﬂash chromatography using toluene as eluent. Yield: 37%. FT-IR (KBr) n/cm1 2335, 1593, 1508, 1433, 1363, 1184, 771, 532; 1H NMR (CDCl3) d/ppm 2.7 (s, 3H) 3.7 (s, 3H);13C NMR (CDCl3) d/ppm 15.2, 40.0, 82.9, 90.3, 136.5, 136.6, 140.1, 140.8, 141.9, 142.3, 142.4, 142.6, 142.9, 143.0, 143.3, 144.4, 145.1, 145.3, 145.4, 145.6, 145.7, 146.0, 146.1, 146.3, 146.4, 146.5, 146.6, 146.8, 147.3, 147.8; UV–Vis (CH2Cl2) lmax/nm (log e) 256 (5.4), 426 (3.7), 692 (2.8); MALDI-TOF MS m/z 789.9 (M ), 720.0 (C60).



Conclusions A new compound 3 based on [60]fullerene as the acceptor and ferrocene and N,N-dimethylamino groups attached to pyrazolino group as donors has been prepared and compared with model pyrazolino [60]fullerene derivatives. Electrochemical studies involving cyclic voltammetry show the experimentally determined HOMO–LUMO gap to be as low as 1.17 eV. It was demonstrated by laser spectroscopy that the pyrazolino4110 | Phys. Chem. Chem. Phys., 2006, 8, 4104–4111



C60 derivative 3, in which the Fc is connected through the amido group at the N-atom of the pyrazoline ring near to C60 and another electron-donating DMA is connected at the C atom of CQN of the pyrazolino group, showed the CS via the 1 C60* moiety in both polar and non-polar solvents. In polar solvents, CS also takes place via the 3C60* moiety. In comparison to previously reported C60 derivatives with Fc and/or DMA linked through the pyrole ring,7 the newly synthesized compound 3 shows radical ion-pair lifetimes that are uniquely longer than 26–50 ns, suggesting a synergistic eﬀect of these donor groups on prolonging the CS state.



Acknowledgements This work was supported by the DGESIC of Spain (Project CTQ2004-00364/BQU), FEDER funds and the Junta de Comunidades de Castilla-La Mancha (Project PAI-05-068). PAK is thankful to NSF for a RSEC fellowship. This research was partially supported by a Grant-in-Aid for Scientiﬁc Research on Priority Area (417) from the Ministry of Education, Science, Sport and Culture of Japan (O. Ito and Y. Araki). MEK thanks the JSPS Fellowship.



References 1 (a) H. Imahori and Y. Sakata, Eur. J. Org. Chem., 1999, 64, 2445–2457; (b) D. M. Guldi and M. Prato, Acc. Chem. Res., 2000, 33, 695; (c) D. Gust, T. A. Moore and A. L. Moore, Acc. Chem. Res., 2001, 34, 40–48; (d) D. M. Guldi, Chem. Commun., 2000, 321–327. 2 L. Echegoyen and L. E. Echegoyen, Acc. Chem. Res., 1998, 31, 593–601. 3 (a) C. J. Brabec, N. S. Sariciftci and J. C. Hummelen, Adv. Funct. Mater., 2001, 11, 15–26; (b) F. Wudl, J. Mater. Chem., 2002, 12, 1959–1963; (c) J. F. Nierengarten, Sol. Energy Mater. Sol. Cells, 2004, 83, 187–199. 4 For recent reviews, see: (a) N. Martı´ n, L. Sa´nchez, B. Illescas and I. Pe´rez, Chem. Rev., 1998, 98, 2527–2547; (b) M. Prato and M. Maggini, Acc. Chem. Res., 1998, 31, 519–526; (c) F. Diederich and M. Go´mez-Lo´pez, Chem. Soc. Rev., 1999, 28, 263–277; (d) H. Imahori, K. Tamaki, H. Yamada, K. Yamada, Y. Sakata, Y. Nishimura, I. Yamazaki, M. Fujitsuka and O. Ito, Carbon, 2000, 38, 1599–1605; (e) D. I. Schuster, Carbon, 2000, 38, 1607–1614; (f) J. L. Segura and N. Martı´ n, Chem. Soc. Rev., 2000, 29, 13–25; (g) J.-F. Nierengarten, N. Armaroli, G. Accorsi, Y. Rio and J.-F. Eckert, Chem.–Eur. J., 2003, 9, 36–41. 5 D. M. Guldi, Chem. Soc. Rev., 2002, 31, 22–36. 6 P. J. Bracher and D. I. Schuster, in Fullerenes: from synthesis to optoelectronic properties, ed. D. M. Guldi, N. Martı´ n, Kluwer Academic Publishers, Dordrecht, 2002. 7 (a) D. M. Guldi, M. Maggini, G. Scorrano and M. Prato, J. Am. Chem. Soc., 1997, 119, 974–980; (b) H. Imahori, H. Yamada, Y. Nishimura, I. Yamazaki and Y. Sakata, J. Phys. Chem. B, 2000, 104, 2099–2108; (c) F. Langa, P. de la Cruz, E. Espildora, A. Gonzalez-Cortes, A. de la Hoz and V. Lopez-Arza, J. Org. Chem., 2000, 65, 8675–8684; (d) H. Imahori, H. Norieda, H. Yamada, Y. Nishimura, I. Yamazaki, Y. Sakata and S. Fukuzumi, J. Am. Chem. Soc., 2001, 123, 100–110; (e) F. D. D’Souza, M. E. Zandler, P. M. Smith, G. R. Deviprasad, K. Arkady, M. Fujitsuka and O. Ito, J. Phys. Chem. A, 2002, 106, 649–656; (f) M. E. Zandler, P. M. Smith, M. Fujitsuka, O. Ito and F. D 0 Souza, J. Org. Chem., 2002, 67, 9122–9129; (g) S. Campidelli, E. Vazquez, D. Milic, M. Prato, J. Barbera, D. M. Guldi, M. Marcaccio, D. Paolucci, F. Paolucci and R. Deschenaux, J. Mater. Chem., 2004, 14, 1266–1272. 8 (a) P. de la Cruz, A. Dı´ az-Ortiz, J. J. Garcı´ a, M. J. Go´mezEscalonilla, A. de la Hoz and F. Langa, Tetrahedron Lett., 1999, 40, 1587–1590; (b) F. Langa, P. de la Cruz, E. Espı´ ldora, A. de la Hoz, J. L. Bourdelande, L. Sa´nchez and N. Martı´ n, J. Org. Chem.,



This journal is



 c



the Owner Societies 2006



9



10



11 12



2001, 66, 5033–5041; (c) E. Espı´ ldora, J. L. Delgado, P. de la Cruz, A. de la Hoz, V. Lo´pez-Arza and F. Langa, Tetrahedron, 2002, 58, 5821–5826; (d) F. Langa, P. de la Cruz, J. L. Delgado, M. J. Go´mez-Escalonilla, A. Gonza´lez-Corte´s, A. de la Hoz and V. Lo´pez-Arza, New J. Chem., 2002, 26, 76–80; (e) J. L. Delgado, P. de la Cruz, V. Lopez-Arza, F. Langa, D. B. Kimball, M. M. Haley, Y. Araki and O. Ito, J. Org. Chem., 2004, 69, 2661 2668. (a) M. Maggini, G. Scorrano and M. Prato, J. Am. Chem. Soc., 1993, 115, 9798–9799; (b) T. Da Ros, M. Prato, M. Carano, P. Ceroni, F. Paolucci and S. Roﬃa, J. Am. Chem. Soc., 1998, 120, 11645–11648; (c) M. Carano, T. Da Ros, M. Fanti, K. Kordatos, M. Marcaccio, F. Paolucci, M. Prato, S. Roﬃa and F. Zerbetto, J. Am. Chem. Soc., 2003, 125, 7139–7144. N. Armaroli, G. Accorsi, J. P. Gisselbrecht, M. Gross, V. Krasnikov, D. Tsamouras, G. Hadziioannou, M. J. Go´mez-Escalonilla, F. Langa, J. F. Eckert and J.-F. Nierengarten, J. Mater. Chem., 2002, 12, 2077–2087. J. L. Delgado, P. de la Cruz, V. Lo´pez-Arza and F. Langa, Tetrahedron Lett., 2004, 45, 1651–1654. (a) A. Weller, Z. Phys. Chem., Neue Folge, 1982, 133, 93–98; (b) D. Rehm and A. Weller, Ber. Bunsen-Ges. Phys. Chem., 1969, 73,



This journal is



 c



the Owner Societies 2006



13



14



15 16



17



834–839; (c) D. Rehm and A. Weller, Isr. J. Chem., 1970, 8, 259–271. (a) R. M. Noyes, J. Am. Chem. Soc., 1962, 84, 513–522; (b) J. F. Coetzee and J. J. Campion, J. Am. Chem. Soc., 1967, 89, 2513–2517; (c) S. Fukuzumi and J. K. Kochi, J. Am. Chem. Soc., 1982, 104, 7599–7609. (a) A. Ouchi, R. Hatsuda, B. Z. S. Awen, M. Sakuragi, R. Ogura, T. Ishii, Y. Araki and O. Ito, J. Am. Chem. Soc., 2002, 124, 13364–13365; (b) A. Ouchi, B. Z. S. Awen, R. Hatsuda, R. Ogura, T. Ishii, Y. Araki and O. Ito, J. Phys. Chem. A, 2004, 108, 9584–9592. A. Gouloumis, F. Oswald, M. E. El-Khouly, F. Langa, Y. Araki and O. Ito, Eur. J. Org. Chem., 2006, 2344–2351. (a) R. A. Marcus, J. Phys. Chem., 1956, 24, 966–978; (b) R. A. Marcus, J. Chem. Phys., 1957, 26, 867–871; (c) R. A. Marcus, J. Chem. Phys., 1957, 26, 872–877; (d) R. A. Marcus, J. Chem. Phys., 1965, 43, 679–701; (e) R. A. Marcus and N. Sutin, Biochim. Biophys. Acta, 1985, 811, 265–322. (a) S. D. A. Sandanayaka, K. Matsukawa, T. Ishii, S. Mataka, Y. Araki and O. Ito, J. Phys. Chem. B, 2004, 108, 19995–20004; (b) H. Luo, M. Fujitsuka, Y. Araki, O. Ito, P. Padmawar and L. Y. Chiang, J. Phys. Chem. B, 2003, 107, 9312–9318.



Phys. Chem. Chem. Phys., 2006, 8, 4104–4111 | 4111



























[image: Synthesis and Photophysical Properties of a Pyrazolino [60] fullerene ...]
Synthesis and Photophysical Properties of a Pyrazolino [60] fullerene ...












[image: Synthesis and photophysical properties of ruthenocene ...]
Synthesis and photophysical properties of ruthenocene ...












[image: Synthesis and photophysical properties of ruthenocene]
Synthesis and photophysical properties of ruthenocene












[image: Synthesis and physicochemical properties of merocyanine ... - Arkivoc]
Synthesis and physicochemical properties of merocyanine ... - Arkivoc












[image: Synthesis and physicochemical properties of merocyanine ... - Arkivoc]
Synthesis and physicochemical properties of merocyanine ... - Arkivoc












[image: Synthesis and antimitotic properties of orthosubstituted ... - Arkivoc]
Synthesis and antimitotic properties of orthosubstituted ... - Arkivoc












[image: Synthesis and antimitotic properties of orthosubstituted ... - Arkivoc]
Synthesis and antimitotic properties of orthosubstituted ... - Arkivoc












[image: Unusual Photophysical Properties of Emerald Green ... - CSJ Journals]
Unusual Photophysical Properties of Emerald Green ... - CSJ Journals












[image: The synthesis and energetic properties of pyridinium and ... - Arkivoc]
The synthesis and energetic properties of pyridinium and ... - Arkivoc












[image: Synthesis and properties of heteroaromatic carbenes of the ... - Arkivoc]
Synthesis and properties of heteroaromatic carbenes of the ... - Arkivoc












[image: Synthesis and properties of heteroaromatic carbenes of the ... - Arkivoc]
Synthesis and properties of heteroaromatic carbenes of the ... - Arkivoc












[image: Synthesis, crystal structure and electroluminescent properties ... - Arkivoc]
Synthesis, crystal structure and electroluminescent properties ... - Arkivoc












[image: Polynorbornene: synthesis, properties and simulations]
Polynorbornene: synthesis, properties and simulations












[image: Stereoselective synthesis and sialidase inhibition properties ... - Arkivoc]
Stereoselective synthesis and sialidase inhibition properties ... - Arkivoc












[image: Synthesis and photovoltaic properties of donor ...]
Synthesis and photovoltaic properties of donor ...












[image: Synthesis and properties of push-pull imidazole derivatives ... - Arkivoc]
Synthesis and properties of push-pull imidazole derivatives ... - Arkivoc












[image: The synthesis, molecular structure and spectra properties of ... - Arkivoc]
The synthesis, molecular structure and spectra properties of ... - Arkivoc












[image: Synthesis and spectroscopic properties of a series of novel 2 ... - Arkivoc]
Synthesis and spectroscopic properties of a series of novel 2 ... - Arkivoc












[image: Synthesis and spectroscopic properties of a series of novel 2 ... - Arkivoc]
Synthesis and spectroscopic properties of a series of novel 2 ... - Arkivoc












[image: Synthesis and selected properties of metallo and metal-free 2 ... - Arkivoc]
Synthesis and selected properties of metallo and metal-free 2 ... - Arkivoc












[image: Synthesis and selected properties of metallo and metal-free 2 ... - Arkivoc]
Synthesis and selected properties of metallo and metal-free 2 ... - Arkivoc















Synthesis and photophysical properties of a [60 ...






analytical and spectroscopic data, as described in the Experi- mental section. Computational studies on compound 3. The computational studies were performed ... 






 Download PDF 



















 836KB Sizes
 4 Downloads
 352 Views








 Report























Recommend Documents







[image: alt]





Synthesis and Photophysical Properties of a Pyrazolino [60] fullerene ... 

Mar 17, 2006 - A new triad based on pyrazolino[60]fullerene and a conju- gated dimethylaniline group has been synthesized by a cop- per-free Sonogashira cross-coupling reaction using micro- wave irradiation as the source of energy. The electrochemica














[image: alt]





Synthesis and photophysical properties of ruthenocene ... 

The MALDI-MS ana- lyses for 3 ..... B3LYP/3-21G(*) methods with the GAUSSIAN 03 software package ... orbitals were generated from Gauss View-03 software.














[image: alt]





Synthesis and photophysical properties of ruthenocene 

C60 dyads.9 The first ionization potentials (IPs) for ferrocene and ruthenocene are .... Scheme 1 (i) 4-Nitrophenylhydrazine and (ii) NBS, C60 and Et3N. Scheme 2 ..... 7 Fluorescence decay profiles monitored at 720 nm of (top) 3 and (bottom) 4 ...














[image: alt]





Synthesis and physicochemical properties of merocyanine ... - Arkivoc 

Mar 30, 2017 - dyes find wide use in many areas of human activity: optoelectronics, photovoltaics, biology, and medicine. 2,15,16. Thermophotoresistors ...














[image: alt]





Synthesis and physicochemical properties of merocyanine ... - Arkivoc 

Mar 30, 2017 - fragment is the three-component reaction of salts 3, Ð¡Ð�-acids 8, and ..... (s, 2Ð�, (3`)Ð¡Ð�2), 1.69 (s, 2Ð�, (2`)Ð¡Ð�2), 4.12 (s, 2Ð�, (1`)Ð¡Ð�2), 5.57 (d, ...














[image: alt]





Synthesis and antimitotic properties of orthosubstituted ... - Arkivoc 

Jun 20, 2017 - Abstract. Ortho-substituted polymethoxydiarylazolopyrimidines were synthesized using polymethoxysubstituted benzaldehydes and acetophenones as starting material. X-ray crystallography data clearly confirmed that the subsequent cyclizat














[image: alt]





Synthesis and antimitotic properties of orthosubstituted ... - Arkivoc 

Jun 20, 2017 - 60 human cancer cell lines with mean GI50, TGI and LC50 values of 3.39, ... products 7â€“9 was reduced by formation of byproducts 5 and 6.














[image: alt]





Unusual Photophysical Properties of Emerald Green ... - CSJ Journals 

2Department of Chemistry, Institute of Nanoscience and Engineering, University of Massachusetts Lowell,. 1 University Avenue, Lowell, MA 01854-5047, U.S.A..














[image: alt]





The synthesis and energetic properties of pyridinium and ... - Arkivoc 

b School of Chemistry and Chemical Engineering, Guangdong ... thermally stable explosives are required for use as ammunition and in technical areas such as.














[image: alt]





Synthesis and properties of heteroaromatic carbenes of the ... - Arkivoc 

26 Jul 2017 - Austin, Texas 78712-0165, USA c. The Atlantic Centre for Green Chemistry, Department of Chemistry, Saint Mary's University,. Halifax, Nova Scotia B3H 3C3, Ð¡anada d The L.M. Litvinenko Institute of Physical Organic and Coal Chemistry, U














[image: alt]





Synthesis and properties of heteroaromatic carbenes of the ... - Arkivoc 

Jul 26, 2017 - Austin, Texas 78712-0165, USA c. The Atlantic Centre for Green Chemistry, Department of Chemistry, Saint Mary's University,. Halifax, Nova Scotia B3H 3C3, Ð¡anada d The L.M. Litvinenko Institute of Physical Organic and Coal Chemistry, 














[image: alt]





Synthesis, crystal structure and electroluminescent properties ... - Arkivoc 

Jul 9, 2017 - complexes of Ir(III), Pt(II), Ru(II) and Os(II) are the most popular materials for solar cells and OLED (Organic. Light Emitting Diode) applications. 3. Electronic structure of Re(I) complexes is similar to those elements, but its coord














[image: alt]





Polynorbornene: synthesis, properties and simulations 

F.39) as implemented on the â€œHigh Performance Computerâ€� (Hessische Hochstleistungs ... The semiempirical quantum mechanical calculations were performed.














[image: alt]





Stereoselective synthesis and sialidase inhibition properties ... - Arkivoc 

totally diastereoselective inverse electron demand hetero Diels-Alder, Î±,Î±â€²-dioxothiones as electron-poor ... with high atom economy degree. Among these, the ...














[image: alt]





Synthesis and photovoltaic properties of donor ... 

A structurally-novel pyrrole-based imide-functionalized electron accepting monomer unit, 4,6-dibromo-. 2,5-dioctylpyrrolo[3,4-c]pyrrole-1,3(2H,5H)-dione (DPPD), was prepared. The new DPPD unit was copolymerized with pyrrole-based electron rich monome














[image: alt]





Synthesis and properties of push-pull imidazole derivatives ... - Arkivoc 

Jun 11, 2017 - with application as photoredox catalysts .... reactions were carried out under optimized conditions involving [Pd2(dba)3] precatalyst, SPhos.














[image: alt]





The synthesis, molecular structure and spectra properties of ... - Arkivoc 

In our work we have replaced the exocyclic oxygen atom with sulfur in .... there is no possibility for increasing the electron density on selenium atom i.e. aliphatic ...














[image: alt]





Synthesis and spectroscopic properties of a series of novel 2 ... - Arkivoc 

1 sec relaxation delay, acquisition time of 2.76 sec, spectral width of 12 kHz, 16 scans. Spectra were zero-filled ... High resolution mass spectrometry was performed on an AB Sciex ..... organics.html accessed August 20, 2016. 32. Hoffman, R.














[image: alt]





Synthesis and spectroscopic properties of a series of novel 2 ... - Arkivoc 

a Pennsylvania State University, Schuylkill Campus, 200 University Drive, Schuylkill Haven, PA,. USA 17972 b Pennsylvania State University, University Park ...














[image: alt]





Synthesis and selected properties of metallo and metal-free 2 ... - Arkivoc 

Electron- withdrawing substituents decrease the basicity of meso-nitrogen atoms ...... Dominguez, D. D.; Snow, A. W.; Shirk, J. S.; Pong, R. G. S. J. Porphyrins ...














[image: alt]





Synthesis and selected properties of metallo and metal-free 2 ... - Arkivoc 

Electron- withdrawing substituents decrease the basicity of meso-nitrogen atoms and a .... .functional groups as well as by oxygen atom (the creation of Î¼-oxo or ...


























×
Report Synthesis and photophysical properties of a [60 ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















