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Abstract: Dendrimers bearing pyrene donor groups have been obtained and act as efficient 

light-harvesting antennae capable of transferring light energy through space from their 

periphery to their core. The light-harvesting ability increases with each generation due to an 

increase in the number of peripheral pyrenes. In order to evaluate the photovoltaic properties 

of the compounds, thermal evaporated thin films were produced and the voltage response in 

the presence of visible light was obtained. The energy transfer efficiency was found to be 

almost quantitative for the first and second generations. The dendrimers have the potential 

to become integral components of molecular photonic devices. 
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1. Introduction 

Porphyrin-core dendrimer systems have been of much interest lately due to the variety of terminal 

substituent groups on the photoactive core, which can modulate physico-chemical properties [1–4]. These 

molecules have been studied for a broad range of applications, including the solubilization of insoluble 

molecules, protection from the surrounding environment [3], shape-selective catalysis [5], light-emitting 

diodes [6], photodynamic therapy [7], chemical sensors [8], optical limiters [9] and so on. In recent years, 

an increased number of dendrimer-decorated porphyrins have been reported, as well as a large number of 

different porphyrins bearing pendant linear oligopyrene arms [10], which opens the possibility to join 

them with PAMAM dendrimers. PAMAM dendrimers (poly(amidoamine)s) are a recent class of dendrimers 

that are produced commercially, which possess an established molecular composition with different 

terminal functional groups. First synthesized and investigated by Tomalia [1], these macromolecules could 

present new interesting properties with expanded areas of application when the dendrimers are modified 

with fluorescent units. Here, we propose to use donor and acceptor (DA) compounds with anchoring groups 

of different lengths as a potential approach to construct ordered DA architectures with different numbers 

of pyrene groups. Porphyrins and pyrenes are widely studied and have been confirmed to be an excellent 

combination as a donor-acceptor pair [11–18]. Porphyrins are highly conjugated macrocycles that absorb 

light over a wide wavelength range in the visible and UV regions and have high electron-accepting 

abilities. The activity in DA systems can be altered by changing the peripheral substituents of 

macrocycles [19]. We have previously reported the synthesis of porphyrin-PAMAM-dendrimers with 

fluorenyl chromophores in the periphery [20]. In this article, we describe the peripheral modification of 

porphyrin-PAMAM dendrimers with pyrenyl chromophores (Scheme 1). In addition, we present the 

ability to control and manipulate energy-transfer processes in synthetic systems, where the porphyrin ring 

embedded at the core of the dendrimer was used as an electrochemically active moiety to study the 

accessibility of the dendrimer core and the pyrene through electron-transfer reactions between an electron 

donor and an electron acceptor. 

2. Results and Discussion 

Previously, we reported the synthesis of porphyrin-PAMAM dendrimers of first and second 

generation [20]. The Dendrimers 1 and 2 were obtained with diethylenetriamine in a mixture of methanol 

and toluene 1:1 at reflux for 24 h. 

To modify the properties of the porphyrin-PAMAM dendrimers and obtain good DA systems, the 

dendrimers were joined 8 and 32 pyrene groups, for this, the 1-pyrene carboxaldehyde moiety was attached 

to the porphyrin-PAMAM dendrimers in methanol/benzene 1:1 at reflux, to obtain the compounds 3 and 

4 (Scheme 1). 
  



Molecules 2015, 20 17535 

 

 

 
Porphyrin-PAMAM dendrimers 1, 2. 

 

Scheme 1. Chemical structures of the pyrene-dendrimers. 

2.1. Optical Properties in Solution 

The absorption spectra of 1-pyrenecarboxaldehyde, the tetra ester-porphyrin and dendrimers 1 and 2 

in CH2Cl2 are presented in Figure 1. The absorption spectra of tetra esterporphyrin and dendrimers 1 and 

2 contain the characteristic peaks of the porphyrin. A Soret band at 415–421 nm and the Q bands between 

456 to 685 nm, The λmax of absorption of the first generation dendrimer 1 was bathocromic shifted fom 

415 nm to 421 nm for the second generation 2, for the 1-pyrenecarboxaldehyde were observed two broad 

bands at 276 and 341 nm. For the tetra esterporphyrin near to the Soret band has small shoulder at  

454 nm, which could be assigned to the y-polarized transition, while the band at 421 is assigned as the 

Qx and/or Qy transition [21]. 
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Figure 1. Absorption spectra of 1-pyrenecarboxaldehyde, tetra esterporphyrin and dendrimers 

1, 2 in CH2Cl2 at room temperature at the concentration of 3.0 × 10−6 M. 

For the dendrimers with pyrene in the periphery 3 and 4 were observed signals due to the aromatic 

rings at the pyrene fragment, the Soret and the Q bands. For the second generation dendrimer 4, the Soret 

and Q bands were diminished; this could be due to the presence of 32 pyrene moieties in the structure of 

the dendrimer (Figure 2). 

 

Figure 2. Absorption spectra of dendrimers 3 and 4 in CH2Cl2 at room temperature at the 

concentration of 3.0 × 10−6 M. 

Dendrimers 1 and 2, after excitation at 420 nm, showed one broad band at 650 nm and a small 

shoulder at 719 nm, the intensity of which was higher for the tetra esterporphyrine dendrimer than for 

the second generation dendrimer 2 (Figure 3). The 1-pyrenecarboxaldehyde was excited at 275 nm and 

two peaks were observed at 566 and at 703 nm. 
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Figure 3. Fluorescence spectra of 1-pyrenecarboxaldehyde tetra esterporphyrin and 

dendrimers 1, 2 in CH2Cl2 at room temperature at the concentration of 3.0 × 10−6 M. 

When dendrimers 3 and 4 are excited at 420 nm in the Soret band, the emission spectra for the first 

generation dendrimer 3 with 8 pyrene moieties revealed three strong bands at 520, 654 and 727 nm 

(Figure 4). The emission spectrum of compound 3 showed a broad, long-wavelength band (450–550 nm), 

which is diagnostic of the intramolecular excimer emission (50%) [22–24]. The broad fluorescence peak 

observed at 520 nm is well-known for the formation of π-π interaction between adjacent parallel-oriented 

pyrene chromophores, the excimer emission suggesting that the first generation favors the parallel 

arrangement between peripheral pyrene rings, and is a typical J-band corresponding to J-type aggregates, 

which could be slipped face-to-face packing between the pyrenes [25]. As suggested by the previously 

described modeling studies, these results indicate that the pyrene groups are in electronic communication 

with one another. 

 

Figure 4. Fluorescence spectra of dendrimers 3 and 4 in CH2Cl2 at room temperature at the 

concentration of 3.0 × 10−6 M (λext. 420 nm). 
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For dendrimer 4, three peaks can be observed: one at 605 nm, a strong red fluorescence with a peak 

maximum at 653 nm and a weak shoulder at 727 nm (Figure 4) and almost no residual emission of the 

pyrene. Thus, there is apparently a good energy transfer between fluorene and porphyrin. The intensity 

of the excimer emission from 4 (b) (from 460–550 nm) decreased with the presence of 32 pyrene units, 

the excimer fluorescence of second generation dendrimer has even lower intensity than that of the first 

generation. This may be due to the fact that peripheral chromophores in the second generation is more 

sterically crowded, which in turn prevents the pyrene rings from parallel arrangement and manifest the 

strong effect of dendritic architectures on the fluorescence spectra [26]. 

Table 1 shows the absorption spectral data of compounds 3 and 4 in CH2Cl2 at 24 °C at the concentration 

of 3.0 × 10−6 M, where the molar extinction coefficient (ε) for dendrimers 3 and 4 was slightly red shifted 

from 422 to 424 nm (solvatochromism) with an increase in ε. These results could be a consequence of 

charge-transfer between the donor-acceptor pyrene moiety and the porphyrin core. 

Table 1. Electronic absorption spectral profiles of dendrimers in CH2Cl2. 

Sample Pyrenemax (nm) Bmax (nm) Qmax (nm) ε × 10−5 (M−1·cm−1) 

3 243, 278, 346 422 519, 577, 591, 654 2.7296 
4 244, 280, 356 424 522, 573, 590, 656 2.8227 

2.2. Film Properties 

In Figure 5, SEM images of the first (a) 3 and second (b) 4 generation dendrimers are shown. In both 

cases, the surface coverage of the substrate is complete. In addition, SEM images indicate the presence 

of very regular films with smooth surfaces. It is worth noticing that some bright spots can be seen, which 

suggest the formation of very small aggregates. 

 

Figure 5. Scanning electron microscope (SEM) images of films obtained from compounds 

(a) 3 and (b) 4. Magnifications are 10,000× in both cases. 

Figure 6 shows the surface morphology of the films obtained with AFM. By measuring the height of 

the films, thicknesses of 45 nm and 48 nm were obtained for compounds 3 and 4, respectively. Figure 6a, 
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corresponding to the 3 film, showed a very flat and homogeneous surface. The film exhibited few defects 

as grains or pores irregularly distributed on the film surface. The roughness value of this surface was 

6.67 nm. On the other hand, Figure 6b, corresponding to the 4 film, showed a granular texture and a 

roughness value of 3.17 nm. In both cases, both compounds produced very homogeneous films. 

 

Figure 6. Atomic force microscopy (AFM) images showing the surface morphology of films 

(a) 3 and (b) 4. Image sizes are 10 × 10 μm. 

2.3. Photovoltaic Properties 

The photovoltaic response of the films is shown in Figure 7. When the fixed light flux was imposed, a 

very steady and reproducible conversion was observed. In both cases, the voltage response was normalized 

in order to compare the voltage conversion for both compounds. From these plots, the relative magnitudes 

of steady-state voltage can be followed for hours without any appreciable loss in both cases. 

 

Figure 7. Photovoltaic response of films (a) 3 and (b) 4. 
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In Figure 5 it can be clearly seen that compound 4 exhibits a larger photovoltaic response in comparison 

with compound 3. It is worth mentioning that the voltage change for the 4 film was 5.43 times larger in 

the presence of light with respect to the base voltage value. In contrast, the 3 film only showed an increase 

of 2.97 times the base voltage value. From these numbers, it is clear that these dendrimers exhibit a good 

photovoltaic efficiency in comparison with other systems [16]. The difference in response between both 

molecules can be attributed to better molecular stacking within the films, due to the size and geometry 

of the molecules, which promotes a larger recombination of charge carriers. 

3. Experimental Section 

3.1. General Information 

The UV-vis absorption spectra were obtained at room temperature with a Shimadzu 2401 PC 

spectrophotometer, while a Perkin-Elmer LS-50 spectrofluorimeter was used for the fluorescence 

spectra. The excitation wavelengths used for the emission properties are reported in the text. The samples 

for photoelectric measurements were prepared on glass plates covered with a semitransparent layer of 

indium tin oxide (ITO) with a sheet resistance of 10 ohms/sq. The substrates were cleaned and nitrogen 

dried before each evaporation. Thin films of compounds 3 and 4 were deposited by using a NORM vacuum 

thermal evaporator VCM 600 working at 10−6 mbar pressure. The morphological properties of each film 

were evaluated with a JEOL FE7800F scanning electron microscope (SEM) working at 15 KV and the 

gentle beam method, in order to minimize destruction and decrease charging on the samples. In addition, 

atomic force microscopy (AFM) images were obtained with a JEOL JSPM4210 instrument in the tapping 

mode to determine the morphology, thickness and roughness of the films. 

The photo-response of the films was evaluated with a homemade device to detect the voltage change 

through a follower circuit. The photovoltaic response was induced with an Oriel LCS-100 solar simulator 

with an AM1.5G filter. The voltage values were measured with a Keithley 2400 digital SourceMeter 

instrument for compounds 3 and 4 under the same experimental conditions at room temperature.  

In addition, both surfaces were exposed to 10 s intervals of light/dark in order to determine reproducibility 

and time response. 

3.2. Synthesis of Dendrimers 3 and 4 with Pyrene in the Periphery 

To a solution of dendrimers 1 and 2 (0.5 mmol) in methanol (15 mL), 1-pyrene carboxaldehyde  

(0.5 mmol) in methanol (15 mL) and benzene (15 mL) were added, the mixture was stirred in a nitrogen 

atmosphere at 45–50 °C for 3 days. The methanol and benzene were removed in vacuo. The residue was 

washed several times with methanol first and then with CH2Cl2 to obtain the desired products 6 and 7. 

Compound 3. Purple solid in 85% yield. m.p: ˃300 °C. FTIR (pellet, KBr, cm−1): 3297, 2938, 1651, 

1545, 1470, 1348, 1290, 1235, 1176, 1120, 797, 731, 587. UV-vis (CH2Cl2): λmax 243, 278, 346, 422, 

519, 577, 591, 654. 1H-NMR (300 MHz, CDCl3) δH: −2.79 (br, 2H, NH), 1.90–1.96 (m, 16H, CH2-N), 

3.30–3.54 (m, 16H, CH2-N), 4.90 (s, 8H, CH2-O), 7.41 (br, 8H, Ar), 7.57–8.40 (br, 72H, pyrene, Ar-O), 

8.08–8.11 (br, 8H, Ar), 8.85 (br, 8H, pirrol). 13C-NMR (75 MHz, CDCl3) δC: 38.8 (CH2-NH2), 40.4 

(CH2-N), 41.6 (CH2-N), 43.4 (CH2-N), 53.7 (CH2-N), 57.8 (CH2-N), 58.4 (CH2-O), 69.1 (CH2-O) 108.6 
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(Ar), 115.0 (Aripso), 137.3 (pyrrol), 164.6 (C=O), 171.9 (C=O), 175.2 (C=O), 175.6 (C=O). MS MALDI 

TOF m/z: 2947 (M+). Anal. Calcd for C204H146N16O8. C 83.07, H 4.99, N 7.60%. Found: C, 83.06; H, 

5.01; N 7.58%. 

Compound 4. Purple solid in 82% yield. (film, cm−1): 3257, 3074, 1644, 1547, 1433, 1368, 1293, 1239, 

1178, 1043, 998, 642, 597. UV-vis (CH2Cl2): λmax 284, 424, 512. 1H-NMR (300 MHz, CDCl3) δH: −2.86 

(br, 2H, NH), 2.71 (br, 64H, CH2-N), 3.36 (br, 96H, CH2-N), 3.77 (br, 64H, CH2-N), 4.80 (br, 8H CH2-O), 

7.36 (br, 8H, Ar-O), 7.57–8.40 (br, 296H, pyrene, Ar-O), 8.79 (m, 8H, pyrrol), 9.39 (br, 32H, CH=N). 
13C-NMR (75 MHz, CDCl3) δC: 29.4 (CH2-NH2), 35.7 (CH2-N), 37.4 (CH2-N), 45.1 (CH2-N), 48.7 

(CH2-N), 50.3 (CH2-N), 56.4 (CH2-N), 60.4 (CH2-N), 67.3 (CH2-O), 112.8 (Ar), 119.1 (Aripso), 121.7 

(Ar), 122.57 (Ar), 123,7 (Ar), 124.3 (Ar), 125.5 (Ar), 125.8 (Ar), 126.3 (Ar), 126.9 (Ar), 128.5 (pyrrol), 

130.1 (Ar), 130.5 (Ar), 130.6 (Ar), 131.0 (Ar), 135.4 (Ar), 156.6 (CH=N), 168.6 (C=O), MS MALDI 

TOF m/z: 10550 (M+). Anal. Calcd for C724H578N64O24. C 82.36, H 5.52, N 8.49%. Found: C 82.34; H 

5.50; N 8.52%. 

4. Conclusions 

Dendrimers bearing 8 and 32 pyrene donor groups have been synthesized. The first and second 

generations of porphyrin-PAMAM-pyrene dendrimers were obtained in good yields. Fluorescence 

measurements indicate that, in the first generation dendrimer with 8 pyrene units, excimer emission 

predominates. For the second-generation dendrimer, the excimer emission decreased and a new peak 

appeared close to the porphyrin emission peaks, showing an efficient energy transfer from the pyrene 

units to the core acceptor unit as observed in the photovoltaic response of the first and second-generation 

compounds, where the second generation molecule exhibited a conversion response larger than first 

generation. Both compounds produced very regular and homogeneous evaporated films. 

Acknowledgments 

This work was supported by DGAPA-UNAM (IN-202010-3) grant. MR acknowledges  

DGAPA-UNAM (IN-106513) grant. O. Amelines-Sarria acknowledges financial support from DGAPA 

CJIC/CTIC/1334/2013. We would also like to thank Rios O. H., Velasco L., Huerta S. E., Patiño M. M. R., 

Peña Gonzalez M. A., Garcia Rios E. and Magaña C. for technical assistance. 

Author Contributions 

M.M.-G. and M.R. designed research; M.E.M.-K., U.O.-M., A.B.-M. and O.A.-S. performed research 

and analyzed the data; M.R., O.A.-S. and M.M.-G. wrote the paper. All authors read and approved the 

final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

  



Molecules 2015, 20 17542 

 

 

References 

1. Tomalia, D.A.; Fréchet, J.M.J. Dendrimers and Other Dendritic Polymers; Wiley: New York, NY, 

USA, 2001. 

2.  Hecht, S.; Fréchet, J.M.J. Dendritic encapsulation of function: Applying nature’s site isolation 

principle from biomimetics to materials science. Angew. Chem. Int. Ed. 2001, 40, 74–91. 

3. Duhamel, J. Internal Dynamics of dendritic molecules probed by pyrene excimer formation. Polymers 

2012, 4, 211–239.  

4. Piotti, M.E.; Rivera, F., Jr.; Bond, R.; Hawker, C.J.; Frechet, J.M.J. Synthesis and catalytic activity 

of unimolecular dendritic reverse micelles with “internal” functional groups. J. Am. Chem. Soc. 
1999, 121, 9471–9472. 

5. Bhyrappa, P.; Young, J.K.; Moore, J.S.; Suslick, K.S. Shape selective epoxidation of alkenes by 

metalloporphyrin-dendrimers. J. Mol. Catal. A Chem. 1996, 113, 109–116. 

6. Bhyrappa, P.; Young, J.K.; Moore, J.S.; Suslick, K.S. Dendrimer-metalloporphyrins: Synthesis and 

catalysis. J. Am. Chem. Soc. 1996, 118, 5708–5711. 

7. Nishiyama, N.; Stapert, H.R.; Zhang, G.D.; Takasu, D.; Jiang, D.L.; Nagano, T.; Aida, T.; Kataoka, K. 

Light-harvesting ionic dendrimer porphyrins as new photosensitizers for photodynamic therapy. 
Bioconjugate Chem. 2003, 14, 58–66. 

8. Finikova, O.; Galkin, A.; Rozhkov, V.; Cordero, M.; Hägerhäll, C.; Vinogradov, S. Porphyrin and 

tetrabenzoporphyrin dendrimers: Tunable membrane-impermeable fluorescent pH nanosensors.  

J. Am. Chem. Soc. 2003, 125, 4882–4893. 

9. Kiran, P.P.; Reddy, D.R.; Maiya, B.G.; Dharmadhikari, A.K.; Kumar, G.R.; Desai, N.R.  

Enhanced optical limiting and nonlinear absorption properties of azoarene-appended phosphorus 

(V) tetratolylporphyrins. Appl. Opt. 2002, 41, 7631–7636. 

10. Pistolis, G.; Malliaris, A.; Paleos, C.M.; Tsiourvas, D. Study of poly(amidoamine) starburst 

dendrimers by fluorescence probing. Langmuir 1997, 13, 5870–5875. 

11. Sideratou, Z.; Tsiourvas, D.; Paleos, C.M. Quaternized poly(propylene imine) dendrimers as novel 

pH-sensitive controlled-release systems. Langmuir 2000, 16, 1766–1769. 

12. Wang, B.-B.; Zhang, X.; Yang, L.; Jia, X.-R.; Ji, Y.; Li, W.-S.; Wei, Y. Poly(amidoamine) 

dendrimers bearing electron donating chromophores: Fluorescence and electrochemical properties. 

Polym. Bull. 2006, 56, 63–74. 

13. Baker, L.A.; Crooks, M.R. Photophysical properties of pyrene-functionalized poly(propylene imine) 

dendrimers. Macromolecules 2000, 33, 9034–9039. 

14. Imahori, H.; Mori, Y.; Matano, Y. Nanostructured artificial photosynthesis. J. Photochem. 
Photobiol. C 2003, 4, 51–83. 

15. Bing-Bing, W.; Wu-Song, L.; Xin-Ru, J.; Min, G.; Yan, J.; Xin, Z.; Zi-Chen, L.; Lei, J.; Yen, W. 

Self-assembly and supramolecular transition of poly(amidoamine) dendrons focally modified with 

aromatic chromophores. J. Colloid Interface Sci. 2007, 314, 289–296. 

16. Wang, B.-B.; Zhang, X.; Jia, X.-R.; Li, Z.-C.; Ji, Y.; Yang, L.; Wei, Y. Fluorescence and 

aggregation behavior of poly(amidoamine) dendrimers peripherally modified with aromatic 

chromophores: The effect of dendritic architectures. J. Am. Chem. Soc. 2004, 126, 15180–15194. 



Molecules 2015, 20 17543 

 

 

17. Yip, J.; Duhamel, J.; Bahun, G.J.; Adronov, A. A study of the dynamics of the branch ends of a 

series of pyrene-labeled dendrimers based on pyrene excimer formation. J. Phys. Chem. B 2010, 

114, 10254–10265. 

18. Figueira-Duarte, T.M.; Simon, S.C.; Wagner, M.; Druzhinin, S.I.; Zachariasse, K.A.; Mullen, K. 

Polypyrene dendrimers. Angew. Chem. Int. Ed. 2008, 47, 10175–10178. 

19. Morales-Espinoza, E.G.; Lijanova, I.V.; Morales-Saavedra, O.G.; Torres-Zuñiga, V.;  

Hernandez-Ortega, S.; Martínez-García, M. Synthesis of porphyrin-dendrimers with a pyrene in the 

periphery and their cubic nonlinear optical properties. Molecules 2011, 16, 6950–6968. 

20. Garfias-Gonzalez, K.I.; Organista-Mateos, U.; Borja-Miranda, A.; Gomez-Vidales, V.;  

Hernandez-Ortega, S.; Cortez-Maya, S.; Martínez-García, M. High fluorescent porphyrin-PAMAM-

fluorene dendrimers. Molecules 2015, 20, 8548–8559. 

21. Karki, L.; Vance, W.F.; Hupp, T.J.; LeCours, M.S.; Therien, J.M. Electronic stark effect studies of 

a porphyrin-based push-pull chromophore displaying a large first hyperpolarizability: State-specific 

contributions to β. J. Am. Chem. Soc. 1998, 120, 2606–2611. 

22. Stewart, M.G.; Fox, A.M. Chromophore-labeled dendrons as light harvesting antennae. J. Am. 
Chem. Soc. 1996, 118, 4354–4360. 

23. Gu, T.; Whitesell, K.J.; Fox, A.M. Intramolecular charge transfer in 1:1 Cu(II)/pyrenylcyclam 

dendrimer complexes. J. Phys. Chem. B 2006, 110, 25149–25152. 

24. Fox, M.A.; Grant, J.; Melamed, V.; Torimoto, D.T.; Liu, C.Y.; Brad, A. Effect of structural variation 

on photocurrent efficiency in alkyl-substituted porphyrin solid-state thin layer photocells. Chem. 
Mater. 1998, 10, 1771–1776. 

25. Lei, W.; Wei, L.; Jing, L.; Ying-Xi, Z.; Gang, F.; Jing-Ping, Z.; Hao, W. Supramolecular  

nano-aggregates based on bis(pyrene) derivatives for lysosome-targeted cell imaging. J. Phys. 
Chem. C 2013, 117, 26811–26820. 

26. Zeng, F.W.; Zimmerman, S.C. Dendrimers in supramolecular chemistry: From molecular recognition 

to self-assembly. Chem. Rev. 1997, 97, 1681–1712. 

Sample Availability: Samples of the compounds are not available from the authors. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


