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Review
Fluorescence and Intramolecular Energy Transfer in PolyphenyleneDendrimers
Daojun Liu,† Steven De Feyter,† Mircea Cotlet,† Alina Stefan,†Uwe-Martin Wiesler,‡ Andreas Herrmann,‡ Do1rthe Grebel-Koehler,‡Jianqiang Qu,‡ Klaus Mu1 llen,‡ and Frans C. De Schryver*,†
Laboratory for Photochemistry and Spectroscopy, Department of Chemistry,Katholieke Universiteit Leuven (KULeuven), Celestijnenlaan 200F, B-3001 Leuven, Belgium, andMax Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, GermanyReceived April 15, 2003; Revised Manuscript Received May 30, 2003

ABSTRACT: The fluorescence of polyphenylene dendrimers and the intramolecular energy transfer inpolyphenylene dendrimers containing a perylenediimide core have been investigated in this paper.Polyphenylene dendrimers composed of tens or hundreds of out-of-plane twisted phenyl units exhibitstrong fluorescence, with quantum yields ranging from 0.2 to 0.5 depending on the dendrimer generationand its degree of functionality. The fluorescence of polyphenylene dendrimers can be efficiently quenchedby the incorporated perylenediimide core, and consequently, a predominant emission from the core hasbeen observed, indicating a very efficient intramolecular energy transfer.
Introduction
Dendrimers are highly branched and structurallyregular macromolecules constructed step by step byeither a convergent or divergent strategy.1-4 Becauseof the controllable incorporation of various functionalgroups across the whole structure of dendrimers, theyhave attracted much attention recently as new systemsfor the study of intramolecular energy transfer, wherethe numbers and types of the energy donor at the rimor across the dendrimer branches as well as the distancebetween the donor and the energy trap at the core canbe easily regulated.5-13 This approach, in which the den-drimer only acts as a scaffold that holds the donor andacceptor chromophores, provides versatility such thatadditional features can be easily introduced by simplychanging the various components of the dendrimer.Alternatively, the dendrimer backbones themselvescan be concurrently used as the energy donor. Severaltypes of chromophoric dendrimer backbones such aspoly(phenylacetylene),14-16 polyphenylene,17,18 and poly-(benzyl ether)19,20 have been used as light absorbers, andthe energy was efficiently funneled to the core acceptor.While the reported intramolecular energy transfer ef-ficiency in such systems was rather high, most of thechromophoric backbones still suffered from a weakfluorescence or a low fluorescence quantum yield. Forinstance, the quantum yield of the widely used poly-(benzyl ether) dendrimer is only less than 1%.7 Lowergeneration poly(phenylacetylene) dendrimers have quitehigh quantum yields; however, they decrease withincreasing dendrimer generations.14cOne exception was

phenylacetylene dendritic macromolecules based onunsymmetrical branching, which have high fluorescencequantum yields ranging from 65% to 81%.16In this contribution, we report that polyphenylenedendrimers composed of tens or hundreds of out-of-planetwisted phenyl units can be used as chromophoricbackbones. They exhibit strong fluorescence. Moreover,the energy collected by these bulky moieties can beefficiently funneled to the perylenediimide energy sinkincorporated in the core of these dendrimers, resultingin an efficient quenching of the polyphenylene fluores-cence and a predominant emission from the core.
Experimental Section
Materials. The synthesis of the polyphenylene dendrimersused in this study (structures shown in Figure 1) has alreadybeen reported.21-23 These dendrimers exhibit good solubilityin common organic solvents and thus can be characterized bymatrix-assisted laser desorption ionization time-of-flight massspectroscopy (MALDI-TOF-MS). The perfect agreement be-tween calculated and experimentally determined m/z ratiosfor these dendrimers confirms their monodispersity. CH2Cl2(Acros Organics, New Jersey) and THF (Acros Organics, NewJersey) were used as received. All the used solvents are ofspectrophotometric grade.Absorption Spectra. The absorption spectra of the den-drimer solutions were recorded on a Perkin-Elmer Lamdba40 UV/vis spectrometer. All spectra were measured at roomtemperature.Fluorescence Spectra. The steady-state fluorescence spec-tra of the dendrimer solutions were recorded with a Spexspectrophotometer. The fluorescence quantum yields, obtainedin nondegassed solutions, of polyphenylene dendrimers havebeen determined using quinine sulfate in 0.05 M sulfuric acidas a reference.24 The fluorescence quantum yields of perylene-diimide-core polyphenylene dendrimers have been determinedusing cresyl violet in methanol as reference.24 For the deter-
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mination of the fluorescence quantum yields, the absorbanceat the excitation wavelength is around 0.1.Time-Resolved Fluorescence Measurements. The fluo-rescence decay times of polyphenylene dendrimers have beendetermined by the single-photon timing method using a setup

described previously.25,26 In brief, the third harmonic of a Ti:sapphire laser (Tsunami, Spectra Physics) has been used toexcite the degassed samples at 282 nm with a repetition rateof 4.09 MHz.25 The detection system26 consists of a subtractivedouble monochromator (9030DS, Sciencetech) and a micro-

Figure 1. Molecular structures of polyphenylene dendrimers used in this study. 1a, 2, and 3a are the second-, third-, and fourth-generation polyphenylene dendrimers with a tetraphenylmethane core. 4 and 5a are the third- and second-generation polyphenylenedendrimers with a biphenyl core. Dendrimer 5 has a degree of functionality of 4 instead of 2 relative to other polyphenylenedendrimers. 6, 7, 8, and 9 are the zero-, first-, second-, and third-generation polyphenylene dendrimers with a perylenediimidecore, where the polyphenylene dendrons are attached to the nitrogen atom of perylenediimide core. 10, 11, 12, and 13 are thezero-, first-, second-, and third-generation polyphenylene dendrimers with a perylenediimide core, where the polyphenylenedendrons are attached to the bay position of perylenediimide core by a phenoxy spacer. 1b, 3b, and 5b are the space-filling viewof dendrimers 1a, 3a, and 5a built by a Merck Molecular Force Field (MMFF) method.
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channel plate photomultiplier (R3809U, Hamamatsu). A time-correlated single-photon counting PC module (SPC630, Pico-quant GmbH), which has the two constant fraction dis-criminators (CFD), a time-amplitude converter (TAC), and ananalog-to-digital converter (ADC) on board, was used to obtainthe fluorescence decay histograms in 4096 channels with timeincrements of 5 or 10 ps. The fluorescence decays have beenrecorded at the magic angle, 54.7°, and analyzed globally withtime-resolved fluorescence analysis (TRFA) software.27 Thequality of the fits has been judged by the fitting parameterssuch as ø2 (<1.2), Zø2 (<3), and the Durbin-Watson parameter(1.8 < DW < 2.2) as well as by the visual inspection of theresiduals and autocorrelation function.28Molecular Modeling. Geometry optimization of the den-drimer molecules was achieved in a vacuum using a molecularmechanics method (Merck Molecular Force Field)29 as part ofthe Spartan program (Wave Function Inc., Irvine, CA).
Results and Discussion
1. Fluorescence of Polyphenylene Dendrimers.1.1. Absorption Spectra of Polyphenylene Den-drimers. The molecular structures of polyphenylenedendrimers used in this study are shown in Figure 1.1, 2, and 3 are the second-, third-, and fourth-generationpolyphenylene dendrimers with a tetraphenylmethanecore, respectively. 4 and 5 are the third- and second-generation polyphenylene dendrimers with a biphenylcore, respectively. Dendrimer 5 has a degree of func-tionality of 4 instead of 2 relative to polyphenylenedendrimers 1, 2, 3, and 4. These dendrimers consist oftens or hundreds of phenyl units and thus have highabsorption in the UV region. The molar extinctioncoefficients of polyphenylene dendrimers as a functionof wavelength are shown in Figure 2A,B, from which itcan be seen that the extinction coefficients of polyphe-nylene dendrimers increase with the dendrimer bulki-ness. For dendrimers 1, 2, and 3, the extinction coeffi-cient almost doubles with increasing generation, whichreflects the corresponding change in the number ofphenyl rings within these dendrimers. (There are 64,144, and 304 phenyl rings in dendrimer 1, 2, and 3,respectively.) Because of the out-of-plane twist of thephenyl units with respect to one another (see molecularmodels in Figure 1), no significant conjugation amongthese phenyl groups is expected. However, electronicinteractions or couplings between the phenyl groups areclearly evidenced from the absorption spectra of thesedendrimers. (1) The absorption spectra of polyphenylenedendrimers have an appreciable red shift relative to thesum of the absorption of all individual phenyl units.Compared to the absorption spectra of linear oligophe-nyls,30 the absorption spectra of polyphenylene den-drimers are red-shifted relative to biphenyl absorptionbut are blue-shifted relative to that of p-quaterphenyl.(2) The shape of these absorption spectra varies withthe dendrimer generation and its degree of functionality.Normalized absorption spectra of polyphenylene den-drimers at short wavelength (e.g., 275 nm) are shownin the insets of Figure 2A,B: increasing the dendrimergeneration (insets in Figure 2A) and the degree offunctionality (inset in Figure 2B) results in a relativehigh absorption at longer wavelength, suggesting stron-ger or extended inter-phenyl interactions with increas-ing phenyl density in the dendrimer arms. Molecularmodels shown in Figure 1 indicate that polyphenylenedendrimers with a degree of functionality of 2 such asdendrimers 1, 2, 3, and 4, irrespective of the generationand nature of the cores, possess rather separatedbranches due to the well-defined three-dimensional

dendrimer structures (1b and 3b in Figure 1). Dendrim-ers 2 and 4, which have the same dendritic arms butdifferent cores (biphenyl or tetraphenylmethane), havealmost overlapping normalized absorption spectra (insetin Figure 2B), suggesting that the effect of the core onthe inter-phenyl electronic interactions is negligible andthe interactions within the branches are more impor-tant. However, when the degree of functionality of thedendritic arms is increased to 4, for example in den-drimer 5, the dendrimer branches become spatiallymore crowded and the dendrimer structure resemblesa closed spherical shape (5b in Figure 1). Such adendrimer structure leads to stronger inter-phenylthrough-space electronic interactions among dendrimerbranches and a consequent red shift in the absorptionspectra (inset in Figure 2B).1.2. Fluorescence Spectroscopy of Polyphe-nylene Dendrimers. Polyphenylene dendrimers emita strong fluorescence in various solvents such as CH2-Cl2 and THF with a maximum in emission at ca. 365nm, as shown in Figure 3A. As an example, theexcitation fluorescence spectrum of dendrimer 2 isshown in Figure 3B. The fluorescence parameters forthese dendrimers are collected in Table 1. The emissionmaximum of polyphenylene dendrimers shows a slightbathochromic shift with increasing degree of functional-ity of the dendritic arms, which could be a result of

Figure 2. (A) Extinction coefficients of polyphenylene den-drimers 1 (solid), 2 (dash), and 3 (dot) in CH2Cl2. Inset showsthe absorption spectra of dendrimer 1 (solid), 2 (dash), and 3(dot) normalized at short wavelength (275 nm). (B) Extinctioncoefficients of polyphenylene dendrimers 4 (dash dot) and 5(short dash) in CH2Cl2. Inset shows the absorption spectra ofdendrimers 2 (dash), 4 (dash dot), and 5 (short dash) normal-ized at short wavelength (275 nm).
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excimer-like interactions in the densely packed arms(Table 1). Generally speaking, all polyphenylene den-drimers in this study have a rather high quantum yield,as indicated from Table 1. The quantum yield increasesat higher generations. It is important to note that thequantum yield of dendrimer 5 improves significantlywith respect to other dendrimers, which could be relatedto a decrease in the nonradiative decay processes as aresult of an increased crowding and rigidity, decreasingtortional and rotational motion and vibration. It shouldalso be pointed out that dendrimers 2 and 4 have similaremission spectra shape and emission intensity, suggest-ing again negligible interbranch interactions in den-drimers with separated branches.The fluorescence decay times of polyphenylene den-drimers in CH2Cl2 have been measured by time-cor-related single-photon counting. The samples were de-gassed and excited at 282 nm, and the fluorescencedecay was monitored at several wavelengths. Therecovered decays can be analyzed as three exponential.The decay times vary between 0.1 and 2 ns, demon-strating the complexity of the excited-state processes

occurring in these dendrimers. The values of the mainfluorescence decay times at 400 nm are 0.46 ns for 1,0.74 ns for 2, 0.73 ns for 3, 0.80 ns for 4, and 1.15 ns for5. It demonstrates that the main decay time of thepolyphenylene dendrimers increases from the second-generation dendrimer 1 to higher-generation dendrim-ers 2 and 3. Dendrimer 2 and 4 have a similar maindecay time. The densely packed dendrimer 5 has alonger main decay time compared to those of otherdendrimers with a degree of functionality of 2, in linewith the fluorescence quantum yields.2. Intramolecular Energy Transfer in Polyphe-nylene Dendrimers Containing a PerylenediimideCore. The intramolecular energy transfer in polyphe-nylene dendrimers containing a perylenediimide corewas investigated on two series of dendrimers. In thefirst series, the polyphenylene dendrons are substitutedon the imide nitrogen of the perylenediimide core (7, 8,and 9 in Figure 1). Compound 6 was used as aperylenediimide model compound for 7, 8, and 9. In thesecond series, the polyphenylene dendrons are attachedto the core in the bay position through four phenoxysubstituents (11, 12, and 13 in Figure 1). Compound10 was used as a core model compound for 11, 12, and13. The decoration of the perylenediimide dye with arigid polyphenylene dendrimer shell can suppress theaggregation of the chromophore, which is importantsince aggregation often leads to fluorescence quench-ing.22 In this study, we are able to show that thepolyphenylene dendritic arms give rise to an extraexcitation band for the perylenediimide core in the UVregion via efficient intramolecular energy transfer.The absorption spectra of perylenediimide decoratedwith different generations of polyphenylene dendriticarms are shown in Figures 4A and 5A. As can be seenfrom the spectra, there are two distinct bands: one inthe visible region (400-600 nm) and the other one inthe UV region (280-350 nm). The absorption in thevisible region is due to the perylenediimide chro-mophore. Between 480 and 600 nm the absorptionreflects the S0-S1 electronic transition of perylenedi-imide along the long axis.31 An additional peak between400 and 460 nm corresponds to the S0-S2 transition ofwhich the transition dipole moment is along the shortaxis.31 The absorption below 350 nm, which increasessignificantly from 6 to 9 (Figure 4A) and from 10 to 13(Figure 5A), is predominantly attributed to the polyphe-nylene dendritic arms. The absorption of the perylene-diimide and the polyphenylene dendritic arms is well-separated, which provides the possibility to selectivelyexcite the polyphenylene dendrons for the study ofintramolecular energy transfer. It is noted from Figure4A that there is a slight blue shift (from 577 to 571 nm)in the absorption maxima of the dendronized perylene-diimide 7, 8, and 9 compared to that of the modelcompound 6. This might be related to the twisting ofphenyl units at both ends of the perylenediimide coredue to the addition of the bulky polyphenylene dendriticarms. On the contrary, it can be seen from Figure 5Athat there is a gradual red shift (from 567 to 575 nm)in the absorption maxima of perylenediimide core from10 to dendronized perylenediimide 11, 12, and 13, whichmight be ascribed to the electron-donating capacity ofthe bulky phenoxy dendrons.The emission spectra of 6-9 at two excitation wave-lengths (310 and 530 nm) are shown in Figure 4B.Again, the perylenediimide decorated with polyphe-

Figure 3. (A) Emission spectra of polyphenylene dendrimers1 (solid), 2 (dash), 3 (dot), 4 (dash dot), and 5 (short dash) inTHF normalized to the same molar concentration. Excitationwavelength is 310 nm. (B) Excitation fluorescence spectrumof dendrimer 2 in THF. The detected emission wavelength is365 nm.
Table 1. Fluorescence Maxima (λmax) and Quantum Yields(O) of Polyphenylene Dendrimers

φ

dendrimers λmax, nm in CH2Cl2 in THF
1 362 0.17 0.182 363 0.28 0.303 366 0.25 0.274 365 0.24 0.265 368 0.46 0.45
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nylene dendrons exhibits a blue shift in its emissionspectrum compared to that of 6. The quantum yields ofthe perylenediimide core when excited at 530 nm weremeasured using cresyl violet in methanol as a referenceand are listed in Table 2. The fluorescence quantumyield decreases slightly with increasing generation inthe first series of dendrimers (6-9). The emissionspectra of 10-13 at the same excitation wavelengths
are shown in Figure 5B and reveal a red shift of theemission maxima for 11-13 compared to that of 10.Table 2 indicates that the decrease in the fluorescencequantum yields of 11-13 is significant compared to that

Figure 4. (A) Absorption spectra of 6 (solid), 7 (dash), 8 (dot),and 9 (dash dot) in THF normalized to the same concentrationof perylenediimide. The inset shows the enlarged absorptionspectra at long wavelength. (B) Emission spectra of 6 (solid),7 (dash), 8 (dot), and 9 (dash dot) in THF excited at 310 nm.The inset shows the emission spectra of 6 (solid), 7 (dash), 8(dot), and 9 (dash dot) in THF excited at 530 nm. The spectraare normalized to the same concentration of perylenediimide.(C) Excitation fluorescence spectra of 6 (solid), 7 (dash), 8 (dot),and 9 (dash dot) in THF. The monitoring emission wavelengthis 600 nm. The spectra are normalized to the same concentra-tion of perylenediimide.

Figure 5. (A) Absorption spectra of 10 (solid), 11 (dash), 12(dot), and 13 (dash dot) in THF normalized to the sameconcentration of perylenediimide. The inset shows the enlargedabsorption spectra at long wavelength. (B) Emission spectraof 10 (solid), 11 (dash), 12 (dot), and 13 (dash dot) in THFexcited at 310 nm. The inset shows the emission spectra of 10(solid), 11 (dash), 12 (dot), and 13 (dash dot) in THF excitedat 530 nm. The spectra are normalized to the same concentra-tion of perylenediimide. (C) Excitation fluorescence spectra of10 (solid), 11 (dash), 12 (dot), and 13 (dash dot) in THF. Themonitoring emission wavelength is 600 nm. The spectra arenormalized to the same concentration of perylenediimide.
Table 2. Fluorescence Quantum Yields (O) ofPerylenediimide with Attached Polyphenylene DendriticArms in THF Excited at 530 nm at Room Temperature

dendrimers φ dendrimers φ

6 0.95 10 0.967 0.97 11 0.718 0.85 12 0.639 0.81 13 0.57
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of 10. The decrease in the quantum yields of theperylenediimide core with increasing dendrimer genera-tion in THF indicates that the attachment of bulkypolyphenylene dendrons creates extra nonradiativepathways for the relaxation of the excited states ofperylenediimide. The steady-state spectroscopic mea-surements of the second series of dendrimers (10-13)in methylcyclohexane exhibit blue-shifted absorptionand emission spectra (relative to those in THF) and onlyslight decrease of perylenediimide quantum yields uponincreasing dendrimer generation,32 indicating that thesolvation of dendrimers plays an important role in theirphotophysical processes. A detailed investigation on thephotophysics of these dendrimers is in progress and willbe reported in due time.When 6-13 are excited at 310 nm where most of theradiation is absorbed by the polyphenylene dendrons asknown from the absorption spectra, predominant emis-sion from the perylenediimide core was observed, witha negligible or weak residual fluorescence of polyphe-nylene dendrons at about 365 nm (Figures 4B and 5B).Furthermore, the fluorescence intensity increases withincreasing generation of the dendritic arms, even thoughthe decoration of perylenediimide core with polyphe-nylene dendrons results in a decrease in its fluorescencequantum yield when directly exciting the perylenedi-imide core. The fact that the excitation of the polyphe-nylene moieties leads to perylenediimide core fluores-cence, whose fluorescence intensity also increases withthe bulkiness of polyphenylene arms, undoubtedlyindicates that intramolecular energy transfer has oc-curred in these dendrimers. The excitation spectra of6-13 are shown in Figures 4C and 5C. These spectraare similar in shape to the corresponding absorptionspectra, which also indicates that the dendrimer branchesare also responsible for the population of the emittingexcited state of the perylenediimide core.It can be seen from Figure 4B that the residualfluorescence of polyphenylene dendritic arms becomesstronger at higher generation (dendrimer 9), indicativeof a decreased energy-transfer efficiency. The decreasedenergy-transfer efficiency at higher-generation den-drimers can be interpreted as a result of the increaseddistance between the donor and acceptor. For dendrim-ers 7, 8, 11, 12, and 13, an almost complete intramo-lecular energy transfer is observed given the negligibleresidual fluorescence of polyphenylene dendritic armsat about 365 nm. For dendrimer 9, an intramolecularenergy-transfer efficiency of 86% was obtained bycomparing the fluorescence of the donor chromophore(polyphenylene) with and without energy sink (perylene-diimide). Because of the negligible interbranch interac-tions in polyphenylene dendrimers with separated arms,dendrimer 4 was used as the model donor chromophorefor dendrimer 9. It is reasonable to conclude that theintramolecular transfer in the second series of dendrim-ers (for example 13) is more efficient than that in thefirst series of dendrimers (for example 9) given that theyhave the same donor and acceptor chromophores.The high extinction coefficients of polyphenylenedendrimers at short wavelength and their strong emis-sion intensity, together with the highly efficient in-tramolecular energy transfer from the polyphenylenedendritic arms to the perylenediimide core, result in astronger emission from the perylenediimide core byindirect exciting higher-generation polyphenylene den-dritic arms, as can be clearly seen from the excitation

spectra shown in Figures 4C and 5C. For instance, theemission spectra of dendrimer 13 in THF excited at 310nm and at the absorption maximum (575 nm) of theperylenediimide core are shown in Figure 6. There is a10-fold increase in perylenediimide fluorescence inten-sity in dendrimer 13 when excited at 310 nm comparedto that when excited at 575 nm, corresponding to thefact that the extinction coefficient for dendrimer 13 at310 nm is exactly 10 times higher than that at 575 nm.While in the literature, this effect is coined as lightharvesting, in reality it is only due to increased absorp-tion cross section of the dendritic structures.Within the framework of the Förster formulations, aneffective interaction radius can be calculated from thesteady-state spectra and the fluorescence quantum yieldof the donor chromophore (φD) with the eqs 1 and 233

where κ2 in a first approximation is equal to 2/3 for theusually assumed random orientation of the chro-mophores, φD is the donor fluorescence quantum yield,n is the refractive index of the solvent, and J is thespectral overlap integral defined by

where εA(λ) represents the molar extinction coefficientof the acceptor and FD(λ) represents the donor fluores-cence spectrum on a wavelength (λ) scale.Assuming a quantum yield of 0.25 for polyphenylenedendrimers,34 the calculated values are about J ) 8.2
× 1013M-1 cm-1 nm4 and R0) 2.4 nm for polyphenylenedendrimers containing a perylenediimide core. It shouldbe noted that the calculation of spectral overlap integralJ is based on the absorption of 6. Therefore, the radiusR0 slightly varies when applied to the polyphenylenedendronized perylenediimide since the attachment ofpolyphenylene dendritic arms changes the extinctioncoefficients of perylenediimide (vide infra).Provided that the emission spectra of the polyphe-nylene dendritic arms overlap with the absorptionspectra of the perylenediimide core due to the S0-S2transition but not the S0-S1 transition (Figure 3 andFigures 4A and 5A), the efficient intramolecular energy

Figure 6. Fluorescence emission spectra of 13 in THF excitedat 310 nm (solid) and at the absorption maximum of perylene-diimide 575 nm (dash).

R06 ) 8.875 × 10-5 κ
2
φDJn4 (1)

J )
∫FD(λ) εA(λ)λ4 dλ

∫FD(λ) dλ
(2)
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transfer might occur from excited states of polyphe-nylene dendrons through higher-level excited states (S2)of perylenediimide and the subsequent rapid internalconversion to the first singlet excited state. The in-tramolecular energy transfer via higher level excitedstates of the acceptor has been used to construct anultraviolet to near-infrared converter in another den-dritic system.5gThere are two possible explanations for the fact thatmore efficient intramolecular energy transfer occurs inthe second series of dendronized perylenediimide (10-13) than that in the first series (6-9). First, since thepolyphenylene dendrons are attached to the perylene-diimide core through phenoxy substituents in the secondseries of dendrimers, they could fold toward the perylene-diimide core. This makes the distance between the donorand the acceptor shorter than when the polyphenylenedendrons are attached to the perylenediimide corethrough rigid carbon-carbon bonds in the first seriesof dendrimers. Second, attaching polyphenylene den-drons in the bay position of perylenediimide throughphenoxy substituents in the second series of dendrimers(11-13) increases the extinction coefficients of the S0-S2 transition around 450 nm (Figure 5A). For example,the extinction coefficients for dendrimer 11, 12, and 13at 445 nm are about 18 000, 18 000, and 21 000 cm-1M-1, respectively, compared to the values of 12 000,12 000, and 14 000 cm-1 M-1 for dendrimers 7, 8, and9, respectively. The increased extinction coefficients ofS0-S2 transition upon substitution of the bay positionof perylenediimide with phenoxy substituents improvethe spectral overlap integral and hence result in a moreefficient intramolecular energy transfer.
Conclusion
It has been demonstrated in this study that polyphe-nylene dendrimers, although composed of out-of-planetwisted phenyl units, exhibit strong fluorescence, withquantum yields ranging from 0.2 to 0.5 depending onthe dendrimer generation and its degree of functionality.For polyphenylene dendrimers with separated branches,the interbranch electronic interactions are negligible.The efficient intramolecular energy transfer in polyphe-nylene dendrimers containing a perylenediimide corehas been confirmed by steady-state fluorescence mea-surements. The intramolecular energy transfer mightoccur from excited states of polyphenylene dendrons viahigher-level excited states (S2) of the perylenediimidecore and the subsequent rapid internal conversion tothe first singlet excited state of perylenediimide. Thehigh extinction coefficients of polyphenylene dendriticarms at short wavelength and their strong fluorescenceintensity, together with the efficient intramolecularenergy transfer, result in a stronger emission from theperylenediimide core by indirectly exciting the higher-generation polyphenylene dendritic arms. The decora-tion of perylenediimide unit with polyphenylene den-dritic arms not only suppresses its aggregation but alsogives rise to an extra and efficient excitation band inthe UV region.
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