
SITE-ISOLATION, INTRAMOLECULAR ENERGY TRANSFER, AND 

CROSSLINKING IN SYNTHETIC DENDRITIC QUINACRIDONES 

 

by 

Gemma Delcina D’Ambruoso 

 

 

 

 

 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 

 
In the Graduate College 

 
THE UNIVERSITY OF ARIZONA 

 
 
 

2005 
 
 
 



 2 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by Gemma D’Ambruoso entitled “Site-Isolation, Intramolecular Energy  
 
Transfer, and Crosslinking in Synthetic Dendritic Quinacridones” and recommend that it 
 
be accepted as fulfilling the dissertation requirement for the  
 
Degree of Doctor of Philosophy 
 
 
_______________________________________________________________________ Date: April 7, 2005 

Dr. Dominic V. McGrath    
 
_______________________________________________________________________ Date: April 7, 2005 

Dr. Henry K. Hall, Jr.    
    
_______________________________________________________________________ Date: April 7, 2005 

Dr. Indraneel Ghosh    
 
_______________________________________________________________________ Date: April 7, 2005 

Dr. S. Scott Saavedra    
    
_______________________________________________________________________ Date: April 7, 2005 

Dr. Neal R. Amrstrong    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: April 7, 2005 
Dissertation Director:  Dr. Dominic V. McGrath    
 
 
 
 
 



 3 

 
 
 
 
 
 

STATEMENT BY AUTHOR 
 

 This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
 Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made.  Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship.  In 
all other instances, however, permission must be obtained by the author. 
 
 
 
    SIGNED:  Gemma Delcina D’Ambruoso 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 4 

ACKNOWLEDGMENTS 
 
 

 The work presented here has been a collaborative effort between the McGrath and 

Armstrong laboratories, involving several graduate students and undergraduates.  

Specifically, the author would like to thank Adrian Ortiz, a gifted and dedicated student 

whose love of chemistry and drive are inspirational.  His contribution included the 

synthesis of the site-isolating quinacridone dendrimers.  Additionally, extensive 

characterization and device formation by Ware H. Flora, a graduate student in the 

Armstrong laboratory must be acknowledged, as well as Ware’s continued help and 

support and invaluable discussions. 

 The author would also like to acknowledge her committee, Drs. Armstrong, 

Ghosh, Saavedra, and Hall for their support, as well as the late Dr. David F. O’Brien.  

Finally, the author would like to thank her advisor, Dr. Dominic V. McGrath for his 

constant patience, support, and encouragement during her duration as a graduate student.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 5 

DEDICATION 
 
 

 This work is dedicated to my parents, Jane Rippe and William D’Ambruoso, for 

their unwavering support and encouragement throughout my entire life.  Their own 

sacrifices in the quest of higher education have been a source of inspiration for me.  I 

cannot thank them enough for their love and guidance. 

 I would like to thank my entire family, Mom, Ed, Dad, Sarah, Bruce, Willy, and 

Abby for their love and support throughout these past six years.  A special 

acknowledgement to my sister, Sarah Frances D’Ambruoso, for her kindness and 

friendship for which I am not particularly worthy, but will always be grateful. 

 Finally, I would like to thank Dr. Eric E. Ross for taking a chance on a stubborn, 

outspoken, opinionated girl from Maine.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 6 

TABLE OF CONTENTS 

 

LIST OF TABLES ...……….…………………………………………………………....13 

LIST OF FIGURES……….……………………………………………………………..14 

LIST OF CHARTS………………………………………………………………………19 

LIST OF SCHEMES…………………………....……....………....…………………….22 

ABSTRACT………………….……………………………………………………….....24 

1. INTRODUCTION..................................................................................................... 26 

1.1 Organic light emitting diodes............................................................................ 26 

1.1.1 Organic/inorganic devices.......................................................................... 26 

1.1.2 Early OLED Devices ................................................................................. 26 

1.2 Energy-harvesting in synthetic dendritic materials ............................................ 31 

1.2.1 Introduction ............................................................................................... 31 

1.2.2 Metal-containing dendrimers ..................................................................... 33 

1.2.2.1 Metal-containing dendrons and cores .................................................. 33 

1.2.2.2 Metal-cored dendrimers with organic dendrons ................................... 37 

1.2.3 Phenylacetylene dendrimers....................................................................... 46 

1.2.3.1 “Compact” and “extended” phenylacetylene dendrimers ..................... 46 

1.2.3.2 Unsymmetrical phenylacetylene dendrimers........................................ 54 

1.2.4 Dendrimers containing distyrylbenzene or stilbene units ............................ 56 

1.2.5 Porphyrin containing dendrimers ............................................................... 62 

1.2.5.1 Dendrons surrounding a porphyrin core............................................... 62 



 7 

TABLE OF CONTENTS - Continued 

1.2.5.2 Dendritic porphyrin arrays................................................................... 68 

1.2.5.3 Porphyrins as peripheral groups on organic dendrimers ....................... 70 

1.2.6 Coumarin dye labeled poly(aryl ether) dendrimers ..................................... 73 

1.2.7 Two-photon light harvesting and energy transfer........................................ 85 

1.2.8 Polyphenylene dendrimers ......................................................................... 87 

1.2.9 Energy transfer to encapsulated guests ....................................................... 93 

1.2.10 Conclusion............................................................................................... 100 

1.3 Quinacridone .................................................................................................. 100 

1.3.1 Quinacridone substitution ........................................................................ 101 

1.3.2 Quinacridone solar cells........................................................................... 110 

1.3.3 Quinacridone doped into Alq3 .................................................................. 111 

1.3.4 Other quinacridone applications............................................................... 117 

1.4 Aim and Scope of Thesis ................................................................................ 118 

2. Site Isolation of Quinacridone in Poly(aryl ether) Dendrimers................................. 122 

2.1 Introduction.................................................................................................... 122 

2.1.1 Site isolation of chromophores................................................................. 122 

2.1.1.1 Non-linear optical dendrimers ........................................................... 122 

2.1.1.2 Dendronized polymers – site-isolation of polymeric backbone .......... 127 

2.1.1.3 Site-isolation of a single chromophore at the core of a dendrimer ...... 131 

2.1.2 Research goals ......................................................................................... 134 

2.2 Synthesis of quinacridone-cored dendrimers................................................... 135 



 8 

TABLE OF CONTENTS - Continued 

2.2.1 Synthesis of benzyl(aryl ether) quinacridone dendrimers.......................... 135 

2.2.2 Synthesis of tert-butyl terminated benzyl(aryl ether) quinacridone 

dendrimers........................................................................................................... 137 

2.3 Structural characterization of quinacridone-cored dendrimers......................... 138 

2.3.1 1H NMR characterization......................................................................... 138 

2.3.2 Gel permeation chromatography (GPC) ................................................... 139 

2.3.3 Mass spectrometry (MS) and elemental analysis ...................................... 142 

2.4 Photophysical characterization of quinacridone-cored dendrimers .................. 143 

2.4.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 143 

2.4.2 Solid state ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 151 

2.5 Electrochemical characterization of quinacridone dendrimers......................... 157 

2.6 OLED devices doped with quinacridone dendrimers....................................... 159 

2.7 Additional figures........................................................................................... 164 

2.8 Conclusions .................................................................................................... 169 

2.9 Experimental procedures ................................................................................ 169 

3. Energy transfer quinacridone dendrimers and polymeric analogues ......................... 174 

3.1 Introduction.................................................................................................... 174 

3.1.1 Energy-transfer host/guest dendrimers ..................................................... 176 

3.1.1.1 Covalent encapsulation of guests....................................................... 176 



 9 

TABLE OF CONTENTS - Continued 

3.1.1.2 Non-covalent encapsulation of guests................................................ 182 

3.1.2 Oligo(p-phenylene vinylene).................................................................... 183 

3.1.2.1 Dendrimers containing oligo(p-phenylene vinylene) on the periphery185 

3.1.2.2 Side-chain oligo(p-phenylene vinylene) polymers ............................. 187 

3.1.3 Linear versus dendritic energy transfer – effect of dendrimer morphology189 

3.1.4 Research goals ......................................................................................... 190 

3.2 Synthesis of quinacridone cored dendrimers with peripheral oPPV groups...... 192 

3.2.1 Synthesis of oPPV groups and quinacridone cored dendrimers................. 192 

3.2.1.1 Bis(2-ethylhexyloxy) exterior............................................................ 192 

3.2.1.2 Bisdodecyloxy exterior...................................................................... 200 

3.3 Synthesis of oPPV side-chain poly(methyl methacrylate) ............................... 205 

3.3.1 Synthesis of dodecyl oPPV phenol........................................................... 205 

3.4 Synthesis of methoxy-capped oPPV for electrochemical analysis ................... 209 

3.5 Structural characterization of oPPV/quinacridone dendrimers and polymer .... 209 

3.5.1 1H and 13C NMR spectroscopy................................................................. 209 

3.5.2 Gel permeation chromatography (GPC) ................................................... 210 

3.5.3 Mass spectrometry and elemental analysis ............................................... 214 

3.6 Photophysical characterization of energy transfer dendrimers ......................... 215 

3.6.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 215 

 



 10 

TABLE OF CONTENTS - Continued 

3.6.2 Solid state ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 230 

3.7 Photophysical characterization of oPPV polymer and t-butyl dendrimers........ 239 

3.7.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 239 

3.8 Electrochemical characterization of energy transfer dendrimers...................... 246 

3.9 Conclusions .................................................................................................... 248 

3.10 Experimental procedures ................................................................................ 249 

4. Intermolecularly Crosslinkable Quinacridone-Cored Dendrimers ............................ 276 

4.1 Introduction.................................................................................................... 276 

4.1.1 Crosslinking polymers for multi-layer OLEDs ......................................... 276 

4.1.2 Crosslinkable dendrimers......................................................................... 284 

4.1.2.1 Dendrimers as crosslinking agents..................................................... 286 

4.1.2.2 Intramolecularly crosslinked dendrimers ........................................... 287 

4.1.2.3 Intermolecularly crosslinked dendrimers ........................................... 291 

4.1.3 Research goals ......................................................................................... 297 

4.2 Synthesis of photocrosslinkable quinacridone cored dendrimers ..................... 298 

4.2.1 Synthesis of benzyl(aryl ether) dendrons with pendant cinnamate groups. 298 

4.2.2 Synthesis of crosslinkable quinacridone dendrimers................................. 300 

4.3 Structural characterization of crosslinkable quinacridone dendrimers.............. 303 

4.3.1 1H and 13C NMR characterization ............................................................ 303 



 11 

TABLE OF CONTENTS - Continued 

4.3.2 Gel permeation chromatography (GPC) ................................................... 303 

4.3.3 Mass spectrometry (MS) and elemental analysis ...................................... 305 

4.4 Photophysical characterization of crosslinkable quinacridone dendrimers....... 305 

4.4.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 305 

4.4.2 Solid state ultraviolet/visible (UV/Vis) and photoluminescence (PL) 

spectroscopy........................................................................................................ 311 

4.5 Photocrosslinking of cinnamate dendrimers.................................................... 315 

4.5.1 Monitored by UV/Vis spectroscopy ......................................................... 315 

4.5.2 Photoluminescence before and after crosslinking ..................................... 320 

4.5.3 Patterning by standard lithography........................................................... 323 

4.5.3.1 Fluorescence microscopy .................................................................. 323 

4.5.3.2 Atomic force microscopy .................................................................. 325 

4.6 Conclusions .................................................................................................... 329 

4.7 Experimental procedures ................................................................................ 330 

5. Conclusions and future work ................................................................................... 337 

5.1 Site-isolation of quinacridone ......................................................................... 337 

5.1.1 Conclusions ............................................................................................. 337 

5.1.2 Future work ............................................................................................. 338 

5.1.2.1 White-light dendrimeric devices........................................................ 338 

5.1.2.2 Phosphorescent site-isolated dendrimers............................................ 338 



 12 

TABLE OF CONTENTS - Continued 

5.2 Energy-transfer dendrimers and their polymeric analogs................................. 339 

5.2.1 Conclusions ............................................................................................. 339 

5.2.1.1 Energy-transfer dendrimers ............................................................... 339 

5.2.1.2 Polymer/dendrimer mixtures ............................................................. 341 

5.2.2 Future work ............................................................................................. 341 

5.3 Intramolecularly crosslinked quinacridone dendrimers.................................... 342 

5.3.1 Conclusions ............................................................................................. 342 

5.3.2 Future work ............................................................................................. 343 

APPENDIX…………………………………………………………………………….345 

REFERENCES…………………………………………………………………………434 



 13 

LIST OF TABLES 

 

Table 1.1  Excimer/monomer ratio for “extended” nanostar 1.27. .................................. 53 

Table 1.2  Output of Alq3 doped devices with increasing DMQA concentration. ......... 113 

Table 2.1  Quinacridone dendrimer solubility in organic solvents. ............................... 137 

Table 2.2 Molecular weights of mono- and disubstituted quin dendrimers 2.13-2.19. .. 141 

Table 2.3  Photophysical characterization data for DIQA and dendrimers 2.13-2.19 .... 144 

Table 2.4  Electrochemical characterization data of quinacridone dendrimers.............. 158 

Table 3.1  Photophysical characterization data for dendrimers 3.34, 3.35, 3.48, 3.49 ... 215 

Table 3.2  Photophysical characterization data in the oPPV region (300-450 nm)........ 220 

Table 3.3  Energy transfer efficiencies for dilute chloroform solutions of energy transfer 
dendrimers........................................................................................................... 227 

Table 3.4  Antennae effect data for dilute chloroform solutions of energy transfer 
dendrimers........................................................................................................... 228 

Table 3.5  Solid state photophysical characterization data for energy transfer dend...... 231 

Table 3.6  Energy transfer efficiency data for thin films of energy transfer dend.......... 237 

Table 3.7  Antennae effect data for thin films of energy transfer dendrimers ............... 239 

Table 3.8  Energy transfer efficiencies for solutions of polymer 3.58 and t-butyl 
dendrimers 2.16-2.19........................................................................................... 241 

Table 3.9  Energy transfer efficiencies for thin films of polymer 3.58 and t-butyl 
dendrimer mixtures.............................................................................................. 246 

Table 3.10  Electrochemical oxidation/reduction potentials for energy transfer dend ... 248 

Table 4.1  Monomer composition of emissive crosslinkable polymers 4.16-4.19. ........ 282 

Table 4.2  Photophysical characterization data for DIQA and dendrimers 4.49 and 4.50 in 
CHCl3.................................................................................................................. 306 

Table 4.3  Thin film photophysical characterization data for dend 4.49 and 4.50 ......... 315 



 14 

LIST OF FIGURES 

 

Figure 1.1  Double-layer device configuration............................................................... 27 

Figure 1.2.  Energy/orbital diagram of a two-layer device.............................................. 28 

Figure 1.3  Schematic of Energy Transfer in Multimetallic Dendrimers......................... 35 

Figure 1.4 (a) Emission spectra of 1.17 (dotted), 1.15 (dash), and [Ru(bpy)3]2+ (solid) 
when exciting into napthyl groups (270 nm).  (b) Emission of 1.17 (dotted) and 
[Ru(bpy)3]2+ when exciting into the [Ru(bpy)3]2+ core (450 nm) ........................ 39 

Figure 1.5  Emission spectrum of dendrimer 1.18 in CH3CN when excited into the 
coumarin 450 dyes (343 nm) ................................................................................. 42 

Figure 1.6  Fluorescence intensity of 1.20 with the addition of Co2+ (dark circles).  Inset 
shows linearity at low concentration.  Solid line is linear extension of the initial 
slope, dashed line is expected if two Co2+ are independently coordinated in 1.20... 45 

Figure 1.7  Absorption spectrum for “compact” dendrimers (top) and “extended” 
dendrimers (bottom) in hexane.  Arrows indicate the absorption bands for two, three 
and four phenyls in a phenylacetylene chain, respectively...................................... 50 

Figure 1.8  Absorption and excitation spectra of an (a) “extended” nanostar and (b) 
“compact” nanostar ............................................................................................... 52 

Figure 1.9  Structures of unsymmetrical phenylacetylene dendrimers 1.29a-d. .............. 56 

Figure 1.10  Schematic of multiporphyrin array............................................................. 68 

Figure 1.11  Absorption and emission spectra of coumarin 2 and coumarin 343. ........... 74 

Figure 1.12  Emission spectra of 1.57a-d in toluene and direct core emission (dotted 
line)....................................................................................................................... 76 

Figure 1.13  (a)  Fluorescence titration curve monitoring both the emission of the G3 
dendrimer (492 nm) and the Sulforhodamine B dye (593 nm) in the CHCl3 layer as 
the concentration of dye is increased in the water layer.  (b)  Fluorescence spectra of 
the CHCl3 layer as concentration of the dye is increased in the water layer. ........... 96 

Figure 1.14.  Concentration dependant absorption spectra of 1.80a in THF.  The 
absorption spectra have been corrected for concentration and therefore indicate the 
extinction coefficient ........................................................................................... 104 



 15 

LIST OF FIGURES - Continued 

Figure 1.15.  3D depictions of two of the polymorphous structures of quinacridone, (A) 
beta and (B) gamma ............................................................................................ 107 

Figure 1.16.  In situ STM images: (A) 45 nm x 45 nm (inset 13.5 nm x 13.5 nm) of 1.82a, 
(B) 13.5 nm x 13.5 nm of 1.82b, (C) 13.5 nm x 13.5 nm of 1.82c ........................ 109 

Figure 1.17  ET and CT pathways leading to emission in Alq3 device doped with DIQA
............................................................................................................................ 116 

Figure 2.1  Fluorescence quantum yields (Φ fl) of polymers upon excitation into the 
polymer backbone in THF versus absorbances at the excitation wavelength (A) [G1] 
polymer 2.5, (B) [G2] polymer 2.6, (C) [G3] polymer 2.7.................................... 130 

Figure 2.2 Normalized GPC traces of t-butyl dendrimers 2.16-2.19. ............................ 140 

Figure 2.3  Beer's Law plot of dendrimer 2.13 ............................................................. 145 

Figure 2.4  Non-aggregating and aggregating Beer's Law plots.................................... 146 

Figure 2.5  Solution (A) molar absorptivity and (B) normalized photoluminescence 
spectra for quinacridone dendrimers 2.13-2.19 in CHCl3.  The legend is the same for 
both graphs.......................................................................................................... 149 

Figure 2.6  Thin film absorption of (A) benzyl-terminated dendrimers 2.13-2.15 and (B) 
t-butyl terminated dendrimers 2.16-2.19.  Films (ca. 40 nm) were made by 
spincasting from a ~3mg/mL CHCl3 solution onto quartz substrates. ................... 153 

Figure 2.7  Thin film PL spectra of t-butyl dendrimers 2.16-2.19................................. 155 

Figure 2.8  PL efficiency of t-butyl dendrimers 2.16-2.19............................................ 156 

Figure 2.9  (a) PL and (b) EL plots of ITO/PVK-Alq3/Al devices with increasing 
concentrations of dopant 2.18.  Inset shows decrease in 490 nm intensity for PL and 
EL ....................................................................................................................... 161 

Figure 2.10  Plots of I490 for EL and PL of DIQA and t-butyl dendrimers 2.16-2.19. ... 163 

Figure 2.11  Beer's Law plots for (A) G2 dendrimer 2.14 and (B) G3 dendrimer 2.15..173 

Figure 2.12  Beer's Law plots for (A) tBuG0 dendrimer 2.16 and (B) tBuG1 dendrimer 
2.17………………………………………………………………………………..174 

 



 16 

LIST OF FIGURES - Continued 

Figure 2.13  Beer's Law plots for (A) tBuG2 dendrimer 2.18 and (B) tBuG3 dendrimer 
2.19………………………………………………………………………………..175 

Figure 2.14  Photograph of t-butyl terminated dendrimers 2.16-2.19 taken under 354 nm 
illumination ......................................................................................................... 176 

Figure 3.1  GPC traces of, (A) dendrimer 3.48 synthesized with NaOH or KOH as the 
base, (B) pure dendrimers 3.34, 3.35, 3.48, 3.49. ................................................. 212 

Figure 3.2  GPC trace of polymer 3.58 ........................................................................ 213 

Figure 3.3  Solution (A) molar absorptivity and (B) normalized photoluminescence 
spectra (excitation 480 nm) for energy transfer dendrimers 3.34, 3.35, 3.48, and 3.49 
in chloroform....................................................................................................... 219 

Figure 3.4  Molar absorptivity spectra of energy transfer dendrimers, polymer 3.58 and 
model compounds in chloroform ......................................................................... 223 

Figure 3.5  Spectral overlap between oPPV 3.61 and DIQA ........................................ 224 

Figure 3.6  Photoluminescence spectra in chloroform of energy transfer dendrimers and 
model compounds when excited at 360 nm.......................................................... 225 

Figure 3.7  Antennae effect of 3.34 in chloroform solution when excited at 363 nm (solid 
line) and 490 nm (dashed line)............................................................................. 229 

Figure 3.8  UV/Vis spectra of thin films of the energy transfer dendrimers in (A) the 
quinacridone region, and (B) the oPPV region ..................................................... 233 

Figure 3.9  Photoluminescence spectra of thin films of energy transfer dendrimers and 
DIQA when excited at 470 nm............................................................................. 235 

Figure 3.10  Photoluminescence spectra of thin films of energy transfer dendrimers when 
excited at 350 nm ................................................................................................ 237 

Figure 3.11  Spectral overlap for solution and thin films of dodecyl [G1] dendron 3.46 
and DIQA............................................................................................................ 238 

Figure 3.12  Solution (A) absorbance spectra for polymer 3.58 and t-butyl terminated 
dendrimer mixtures normalized to the oPPV λmax, and (B) photoluminescence 
spectra of the same mixtures when excited into oPPV groups of polymer 3.58 (360 
nm).  The inset in the bottom graph is a blow-up of 510-550 nm showing some 
quinacridone emission.  The legend is the same for both figures. ......................... 242 



 17 

LIST OF FIGURES - Continued 

Figure 3.13  Photoluminescence of thin films of polymer 3.58 and t-butyl dendrimer 
2.16-2.19 mixtures when excited at 350 nm......................................................... 246 

Figure 4.1  Photograph of a patterned film of 4.2 after UV exposure (25 mJ/cm2) and 
development ........................................................................................................ 280 

Figure 4.2  Scheme of emissive crosslinkable copolymers 4.16-4.19 and photoacid 
generator 4.20...................................................................................................... 283 

Figure 4.3  Requirements for crosslinking for both condensation- and chain-type 
polymerizations. .................................................................................................. 285 

Figure 4.4  Image of a sealed corneal laceration (horizontal line between the two 
arrowheads) using crosslinked 4.38 ..................................................................... 293 

Figure 4.5  SEM image of patterned, crosslinked poly(glycerol-succinic acid) dendrimers.  
Light images are the dendrimer-gels .................................................................... 294 

Figure 4.6  AFM image of crosslinked PAMAM dendrimer (1 wt.% in methanol) with 
organosilyl periphery groups stamped by µCP onto a glass substrate with a 5 min 
contact time......................................................................................................... 296 

Figure 4.7  Decrease in absorbance over time for irradiation of a cinnamoyl-terminated 
dendrimer in solution (CH2CL2; 1.36 x 10-2 mg/mL) and in a thin film ................ 297 

Figure 4.8  GPC traces of 4.49 and 4.50 synthesized using, (a) aq. NaOH/toluene, or (b) 
KOH/DMSO ....................................................................................................... 304 

Figure 4.9  Molar absorptivity spectra of, (a) quinacridone region of dendrimers 4.49 and 
4.50 compared with 2.19 and DIQA, and (b) cinnamate region of dendrimers 4.49 
and 4.50 as well as dendron 4.43 (actual and calculated for 4 and 8 cinnamates per 
dendrimer)........................................................................................................... 308 

Figure 4.10  Photoluminescence of crosslinkable dendrimers 4.49 and 4.50 and others for 
comparison.  All spectra were taken in ca. 10-6 M CHCl3 solution. ...................... 311 

Figure 4.11  Normalized thin film (ca. 50 nm) absorbance spectra for crosslinkable 
dendrimers 4.49 and 4.50.  All films were made by spin-casting from a CHCl3 
solution (ca. 10-6) onto quartz. ............................................................................. 313 

 



 18 

LIST OF FIGURES - Continued 

Figure 4.12  Thin film (40-50 nm) PL spectra of dendrimers 4.49 and 4.50 with 2.19 and 
DIQA for comparison.  All films were made from spin-casting CHCl3 solutions (ca. 
10-6 M) onto quartz.............................................................................................. 314 

Figure 4.13  Photolysis of 4.49 in solution (ca. 10-6 M) and a thin film (ca. 75 nm) 
measured by UV/Vis spectroscopy ...................................................................... 317 

Figure 4.14  Crosslinking monitored by UV/Vis spectroscopy for (a) 4.49, and (b) 4.50
............................................................................................................................ 319 

Figure 4.15  Absorbance spectra of the quin region of 4.50 during irradiation ............. 321 

Figure 4.16  Non-normalized photoluminescence of 4.50 before/after crosslinking...... 322 

Figure 4.17  Photographs of fluorescence images of 4.50 after patterning with TEM grids 
(ca. 85 µm) at using (a) 4x, and (b) 20x objectives............................................... 324 

Figure 4.18  Photographs of fluorescence images of 5 um lines visualized with a 20x 
objective.  The right image shows an area where polymer has desorbed and then re-
adsorbed to the surface. ....................................................................................... 325 

Figure 4.19  AFM image of Ronchi ruling photomask…………………………………345 

Figure 4.20  AFM image of patterned dendrimer 4.50…………………………………346 

Figure 4.21  AFM image of patterned dendriemr 4.50 showing line pairs……...……..347 

 



 19 

LIST OF CHARTS 

 

Chart 1.1  Poly (para-phenylene vinylene) (PPV).......................................................... 29 

Chart 1.2  Small-molecule dopant emitters. ................................................................... 31 

Chart 1.3  Building Blocks for Multimetallic Light Harvesting Dendrimers................... 34 

Chart 1.4  Structure of 1.13. .......................................................................................... 37 

Chart 1.5  Structures of 1.14-1.17.................................................................................. 38 

Chart 1.6  Structure of 1.18 ........................................................................................... 41 

Chart 1.7  Structure of 1.19 ........................................................................................... 43 

Chart 1.8  Structure of 1.20 ........................................................................................... 44 

Chart 1.9  Structures of “compact” and “extended” dendrimers (1.24 and 1.25) and 
nanostars (1.26 and 1.27)....................................................................................... 49 

Chart 1.10  Structure of 1.28 ......................................................................................... 54 

Chart 1.11  Distyrylbenzene dendrimers 1.30-1.33 ........................................................ 58 

Chart 1.12  Distyrylbenzene cored dendrimers 1.34-1.37............................................... 60 

Chart 1.13  Stilbene dendrons with DSB (1.38-1.40), distyrylanthracene (1.41-1.43), and 
porphyrin cores (1.44 and 1.45) ............................................................................. 61 

Chart 1.14  Dendrimer system reported by Jiang and Aida to exhibit low-energy photon 
harvesting.............................................................................................................. 63 

Chart 1.15  Schematic of dendrimers containing a single porphyrin core ....................... 65 

Chart 1.16  Schematic of dendritic and four- and eight-arm porphyrins ......................... 67 

Chart 1.17  Multiporphyrin array connected by diphenylethynyl linkages...................... 70 

Chart 1.18  Porphyrins on the periphery of poly(L-lysine) dendrimers........................... 71 

Chart 1.19  Porphyrins at the periphery of PI dendrimers............................................... 72 

Chart 1.20  “Reverse” dendrons with coumarin 2 hosts and coumarin 343 guest............ 75 



 20 

LIST OF CHARTS - Continued 

Chart 1.21  Dye-labeled dendrimers with triarylamine peripheries for OLEDs............... 78 

Chart 1.22  Schematic of dendrimers 1.59 and 1.60 ....................................................... 80 

Chart 1.23  Schematic of dendrimers with multiple donors and a single acceptor........... 83 

Chart 1.24  Schematic of 1.65 and 1.66 for SAMs ......................................................... 85 

Chart 1.25  Two-photon dendrimers with a nile red dye acceptor................................... 87 

Chart 1.26  Polyphenylene dend with a perylenetetracarboxylic diimide core (PDI) ...... 89 

Chart 1.27  Schematic phenylene dendrimer 1.71 .......................................................... 90 

Chart 1.28  Schematic of rigid polyphenylene dendrimers 1.72 and 1.73 ....................... 92 

Chart 1.29  Schematic of dendrimer 1.74....................................................................... 93 

Chart 1.30  Structures of third generation PPI-OPPV dendrimer 1.75 and  

 Sulforhodamine B.................................................................................................. 95 

Chart 1.31  PPI dendrimer with 32 dansyl groups at the periphery. ................................ 98 

Chart 1.32  Schematic of dendrimer 1.77....................................................................... 99 

Chart 1.33.  Compound 1.78........................................................................................ 101 

Chart 1.34.  Compounds 1.79a-e ................................................................................. 102 

Chart 1.35.  Compounds 1.80a-b................................................................................. 103 

Chart 1.36.  Compounds 1.81a-b................................................................................. 106 

Chart 1.37.  Compounds 1.83a-f.................................................................................. 111 

Chart 1.38  Substituted quinacridones.......................................................................... 114 

Chart 1.39.  Host/guest light-harvesting oPPV/quinacridone dendrimers ..................... 120 

Chart 2.1  NLO chromophore with (2.1) and without (2.2) fluorinated dendrons. ........ 124 

Chart 2.2  Crosslinkable NLO dendrimer..................................................................... 125 



 21 

LIST OF CHARTS - Continued 

Chart 2.3  NLO dendronized crosslinkable polymer and NLO chromophore polymer.. 127 

Chart 2.4  Anthracene-cored dendrimers...................................................................... 132 

Chart 2.5  Proton-labeling of symmetrical quinacridone. ............................................. 138 

Chart 3.1  Coumarin dyes and "normal" vs. "reverse" poly (aryl ether) dendrons......... 177 

Chart 3.2  First (3.1) and second (3.2) generation carbazole/napthalimide dendrons. ... 181 

Chart 3.3  Adamantyl-urea terminated poly(propylene imine) dendrimer hydrogen 
bonded to oPPV glycine-urea goups .................................................................... 186 

Chart 4.1  Hole-transporting crosslinkable polymers (x:y is 0.7 to 0.3) ........................ 279 

Chart 4.2  Intramolecularly crosslinkable dendrimers with interior and exterior allyl 
groups ................................................................................................................. 289 

 



 22 

LIST OF SCHEMES 

Scheme 1.1  Synthesis of lanthanide-cored dendrimers.................................................. 46 

Scheme 1.2  Synthesis of porphyrin dendrimers containing poly(phenylene) dendrons.. 66 

Scheme 1.3  Fluorescent metal sensors based on QD................................................... 117 

Scheme 1.4  Dendritic quinacridones........................................................................... 119 

Scheme 1.5  Crosslinkable quinacridone dendrimers. .................................................. 121 

Scheme 2.1  Dendron encapsulated PPE...................................................................... 129 

Scheme 2.2  Dendritic discrete conjugated wires ......................................................... 131 

Scheme 2.3  Synthesis of quinacridone dendrimers 2.13-2.19 by (a) NaH, DMF, 80 °C or 
(b) 50 % aq. NaOH, toluene, TBAI, 80 °C........................................................... 136 

Scheme 3.1  Tri-functional poly(methacrylate) bearing electron transport, emitting, and 
crosslinking side-groups ...................................................................................... 188 

Scheme 3.2  Synthesis of first ring of 2-ethylhexyl oPPV. ........................................... 193 

Scheme 3.3  Synthesis of 2-ethylhexyl oPPV electrophile. .......................................... 194 

Scheme 3.4  Synthesis of nucleophilic 2-ethylhexyl oPPV. ......................................... 197 

Scheme 3.5  Synthesis of 2-ethylhexyl [G1] dendron................................................... 198 

Scheme 3.6  Synthesis of 2-ethylhexyl quinacridone [G0] and [G1] dendrimers. ......... 200 

Scheme 3.7  Synthesis of dodecyl oPPV [G0] and [G1] dendrons................................ 203 

Scheme 3.8  Synthesis of dodecyl [G0] and [G1] oPPV quinacridone dendrimers. ...... 204 

Scheme 3.9  Synthesis of nucleophilic dodecyl oPPV phenol 3.52 and side-chain oPPV 
poly(methyl methacrylate) 3.58 ........................................................................... 207 

Scheme 3.10  Synthesis of methoxy-capped 2-ethylhexyl oPPV 3.60 .......................... 208 

Scheme 3.11  Synthesis of methoxy-capped oPPV 3.61............................................... 209 

Scheme 4.1  Formation of organic nanotubes from polymerized porphyrin dendrimer 
nanotubes ............................................................................................................ 290 



 23 

LIST OF SCHEMES - Continued 

Scheme 4.2  Synthesis of poly(glycerol-succinic acid) photocrosslinkable dendrimers 
with repetitive steps, (a) DMAP, CH2Cl2, 14 h, and (b) H2, Pd(OH)2/C, 
CH2Cl2/CH3OH (2:1), 8 h, and attachment of methacrylate by, (c) methacrylic 
anhydride, DMAP, CH2Cl2 (4.30, 4.32, 4.34) or THF (4.36), 14 h ....................... 292 

Scheme 4.3  Synthesis of [G0] – [G2] cinnamate dendrons.......................................... 300 

Scheme 4.4  Synthesis of crosslinkable quinacridone dendrimers 4.49 and 4.50 .......... 302 



 24 

ABSTRACT 

 Dendrimers incorporating a green emitter, quinacridone, for organic light emitting 

diodes (OLEDs) were synthesized and their photophysical and electrochemical properties 

were explored.  Quinacridone dendrimers were synthesized for site isolation, 

intramolecular energy transfer, and photocrosslinking. 

 Site-isolation of quinacridone at the core of a dendrimer was achieved by 

attaching bulky poly(aryl ether) dendrons to the quinacridone at the amino functional 

groups.  Both benzyl- and t-butyl-terminated dendrimers were synthesized up to the third 

generation.  These dendrimers showed enhanced solubility in organic solvents due to 

reduced aggregation and hydrogen bonding.  Increased photoluminescence intensity was 

observed for the denderimers in the solid state indicating reduced self-quenching due to 

enhanced site-isolation.  Preliminary incorporation of these dendrimers as dopants into 

OLEDs showed increased emission from the dendrimers as the doping percentage 

increases. 

 When high-energy host absorbing groups, such as oligo(p-phenylene vinylene)s 

(oPPVs) were placed at the periphery of poly (aryl ether) dendrimers with quinacridone 

guest cores, intramolecular energy transfer occurs when the host periphery groups were 

excited.  These dendrimers showed high efficiency energy transfer yields in both solution 

and the solid state, as well as an antennae effect which resulted in increased emission 

when the oPPVs were excited versus direct excitation of the quinacridone.  For 

comparison, poly (methyl methacrylate) polymers with pendant oPPV groups were 

synthesized and combined both in solution and in thin films with the site-isolated 
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dendrimers to investigate the architectural requirements for energy transfer.  These 

mixtures showed no energy transfer in solution from the polymer to the dendrimers.  

However, in the solid state, energy transfer increaseed with decreasing generation due to 

the host/guest chromophores decreased separation. 

 Finally, poly (aryl ether) dendrimers containing photocrosslinkable cinnamate 

groups at the periphery and quinacridone cores were synthesized.  Thin films of the 

higher generation dendrimers were photopolymerized via ultraviolet irradiation.  The 

films were resistant to solvent after the polymerization step indicating a stable 

crosslinked network.  Standard photolithography was performed on the higher generation 

dendrimers to achieve feature sizes as small as 5 microns as observed by fluorescence 

and atomic force microscopy.   
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1. INTRODUCTION 

 

1.1 Organic light emitting diodes 

1.1.1 Organic/inorganic devices 

In the past two decades, an “electronic revolution” has occurred which has 

brought with it a change in the type of materials used for optoelectronic technology such 

as light-emitting diodes (LEDs).  This change in materials from inorganic to 

organic/polymeric compounds is driven by the desire for inexpensive and flexible 

displays, options not achievable with the current technology.  The low-cost flexibility 

offered by organic devices arises from their ability to be deposited from solution onto 

thin plastic substrates by spin-casting or ink-jet printing, while immobile inorganic 

devices are fabricated by the higher-cost technique of chemical vacuum deposition 

(CVD).  Despite these advantages of organic light-emitting diodes (OLEDs)1-4, their light 

output, efficiencies, and lifetimes are still somewhat inferior to that of their inorganic 

counterparts, and hence, the current market has yet to shift towards all-organic devices.  

However, there has been some introduction of OLEDs into the marketplace by companies 

such as Kodak, Pioneer, and Phillips with some success.  It is hopeful that OLEDs will be 

comparable to inorganic LEDs in the near future. 

 

1.1.2 Early OLED Devices 

The first OLEDs developed by Tang and VanSlyke5 consisted of two active layers 

sandwiched between an Mg:Ag alloy cathode and a transparent indium-tin oxide (ITO) 
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anode (Figure 1.1).  When a potential is applied across the device, electrons from the 

cathode are injected into the aluminum tris (8-hydroxyquinoline) (Alq3) 1.1, which acts 

as both an electron transport layer (ETL) and an emitter.  Simultaneously, electrons are 

removed from the diamine 1.2 by the ITO creating “holes”.  Charge migration of the 

holes and electrons occurs until they meet and recombine, forming an exciton which is a 

bound electron/hole pair.  This exciton then radiatively decays resulting in light emission 

from the device. 
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Figure 1.1  Double-layer device configuration.5 

 

 Both the anode and the cathode must overcome energy barriers in order to inject a 

charge carrier into the active layer (Figure 1.2).  For the anode, a high workfunction (Φ) 

(~5 eV) is desirable for removal of electrons from the highest occupied molecular orbital 

(HOMO) of the diamine layer to create holes.  Alternately, the cathode requires a low Φ 

(~3-4 eV) for electrons to be injected into the lowest unoccupied molecular orbital 

(LUMO) of the ETL.  A balance of energy barriers as well as rate of charge transport is 

ideal so that charge recombination occurs away from the electrodes.  If an exciton is 
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formed too close to either the anode or the cathode, the exciton becomes dissociated and 

light emission is rendered impossible. 
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Figure 1.2.  Energy/orbital diagram of a two-layer device. 

 

 The first polymeric OLEDs were introduced in 1990 by Burroughs et al.6  Their 

single layer device consisted of poly (para-phenylene vinylene) (PPV) 1.3 (Chart 1.1) 

sandwiched between an ITO anode and a Mg/Ag cathode and achieved efficiencies up to 

0.05 %.  The use of conjugated polymers such as PPV has several distinct advantages 

over small-molecule organic materials.  For example, color tuning can be achieved by 

simply increasing or decreasing the length of a polymer chain which affects conjugation 

length and subsequently band gap, which is the energy difference between the HOMO 

and the LUMO.  Polymers also exhibit good chemical and physical stability which along 

with their ability to be spun-cast into high quality thing films allows for ease of 
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processibility.  Small-molecule organic materials can crystallize in thin films creating 

electrical shorts in devices.7 

n

1.3  

Chart 1.1  Poly (para-phenylene vinylene) (PPV).6 

 

 However, polymers also have several shortcomings.  Although the 

semiconducting nature of polymeric materials was discovered in 1977 by Heeger, 

MacDiarmid, and Shirakawa and co-workers,8,9 successful polymeric OLEDs remained 

unattainable for several years due to synthetic defect sites which act as non-radiative 

traps.10,11  Therefore purity of conjugated polymers is of the utmost importance. 

 In addition to defect traps, polymers suffer from another major drawback, low 

photoluminescence quantum yield, ΦPL.  This low ΦPL is due to excimer formation 

(excited state dimers) which is typically non-radiative.  Excimers arise from 

intermolecular chain associations and often translate into low electroluminescence 

efficiency.  For example, the ΦPL of PPV in the devices by Burroughs et al.6 was 

estimated at 8%. 

 In order to overcome the low ΦPL of polymers, research in OLEDs has shifted 

again towards using small-molecule organic molecules with high ΦPL in dilute solutions 

such as 4-dicyanomethylene-4H-pyran (DCM) derivatives 1.4a,b, coumarins 1.5, 

quinacridones 1.6, and rubrene 1.7 (Chart 1.2).  Instead of utilizing thin-films of these 
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materials as a single layer in OLEDs, small-molecules have been incorporated or doped 

in low concentrations (to retain their high ΦPL) into other active layers in the OLEDs.  In 

this way, small molecules are dispersed to avoid non-radiative excimer formation by 

aggregation as well as self-quenching.  This turn towards small-molecule emitters has 

allowed for new avenues of chemistry to be explored such as utilizing dendrimers to 

encapsulate (covalently or non-covalently) these molecules, providing site-isolation.  It is 

in this area that we wish to contribute.  By employing dendrimers, we are not only 

capable of surrounding a small molecule, but we also gain some of the properties inherent 

in the dendrimer architecture such as its ability to act as an energy funnel, harvesting 

energy and transferring it to a central core.  We now wish to present a comprehensive 

review of energy-harvesting dendrimers followed by a brief expounding on the small-

molecule emitter quinacridone to provide the foundation for our work with quinacridone 

cored dendrimers.   
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Chart 1.2  Small-molecule dopant emitters. 

 

1.2 Energy-harvesting in synthetic dendritic materials 

1.2.1 Introduction 

 Dendrimers are an intriguing scaffold for constructing energy harvesting systems 

since their architectures roughly mimic that of natural photosynthetic centers in which 

light is harvested by chlorophyll chromophores encircling a reactive core.  Energy 

transfer from the outer chlorophyll chromophores to the reaction center results in ATP 

production, which is essential for life.  This chapter reviews artificial energy-harvesting 

systems that employ a dendritic architecture. 

The role of dendrimers in light-harvesting systems varies substantially.  First, the 

dendrimers can act as an inert spacer to separate two different chromophores (host/guest) 

from each other.  In these cases, the dendrimers do not participate in the energy transfer 
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between the chromophores, as their excited state energy is typically higher than both the 

host and guest.  Also, increasing dendrimers generation increases host/guest distance and 

chromophore communication can begin to decrease (above the Förster radius) as a result.  

Second, the dendrimers subunits can act as the host chromophores and are responsible for 

light harvesting.  In this case, light absorbed by the dendrimer (acting as the host) is 

transferred to a core moiety (guest) from which emission ensues.  Increasing generation 

allows for greater light harvesting capabilities since the number of dendrimers subunits 

increases. 

 In both cases (dendrimers as spacers or dendrimers as hosts), dendrimers offer a 

unique advantage over classical energy transfer between a chromophoric pair in that the 

number of host chromophores can far exceed the number of guest chromophores, and is a 

strict function of generation.  The effective molar absorptivity of the host chromophores 

can therefore be increased (predictably) and the dendrimer itself is a better light harvester 

then a single host chromophore.  Better light harvesting and an increase in the amount of 

energy transferred to the guest results in a greater amount of emission from the 

dendrimers and is referred to as the “antennae effect.” 

 In addition to the antennae effect, dendrimers are also effective insulators and 

exhibit the “shell effect.”  In providing a  dense shell around the incorporated 

chromophores, dendrimers effectively prevent aggregation which leads to non-emissive 

excimers and self-quenching that occurs when chromophores with small Stokes shifts are 

within short distances of one another.  This “shell effect” allows for increased 
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photoluminescence efficiency of the enclosed chromophore, which is important for 

optoelectronic devices. 

 We have organized this review by type of chromophore and/or dendrimers 

structure. 

1.2.2 Metal-containing dendrimers 

Light-harvesting metal containing dendrimers exist in two categories: (i) 

dendrimers where metals are at both the core and branching points12-20 and (ii) 

dendrimers where metal cores are surrounded by aromatic dendrons.21-29  In both cases, 

light-harvesting followed by energy transfer to the metal occurs.  These two categories 

are addressed here. 

1.2.2.1 Metal-containing dendrons and cores 

 In the early 1990’s, Balzani and coworkers began to synthesize decanuclear 

homo- and heterometallic dendrimers which contain Ru(II) and Os(II) surrounded by 

nitrogen-containing ligands (bpy derivatives).  The metals occupied sites in both the 

dendrons and at the core of the dendrimers.12,17-20,30  Although the Balzani group had for 

some time been synthesizing multimetallic species in tri-,31 tetra-,32-34 hexa-,35 and 

heptanuclear36 complexes, this is the first work that displayed these complexes in a 

dendritic fashion.  The dendrimers were synthesized in a “complexes as 

ligands/complexes as metals” manner in which metal complexes (instead of individual 

metals and ligands) were used as the reactive species.  This approach produced 

metallodendrimers in which the number of metals per dendrimer was as high as 22.13,14,16   

The dendrimers consisted of bridging ligands 2,3- and 2,5-bis(2-pyridyl)-pyrazine (2,3-
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dpp 1.9 and 2,5-dpp 1.10 ) that connected the metal centers, and terminal ligands, 2,2’-

bipyridine (bpy) 1.8, 2,2’-bisquinoline (biq) 1.12 and 2-[2-(methylpyridiniumyl)]-3-(2-

pyridyl) pyrazine (2,3-Medpp+) 1.11 that “capped” the peripheral metals (Chart 1.3).   
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Chart 1.3  Building Blocks for Multimetallic Light Harvesting Dendrimers.15,16 

 

Light harvesting in these systems is between ligand-centered (LC) transitions in 

the UV as well and several metal-to-ligand charge-transfer (MLCT) transitions in the 

visible region.  Each metal center in the dendrimer is capable of absorbing light, so the 

molar absorptivity and amount of harvested light increases with increasing number of 

metal sites.   Emission from these dendrimers is primarily radiative decay of the lowest 

lying metal-to-ligand charge-transfer triplet state, 3MLCT, for both Ru(II) and Os(II) 

cases.37  In the case of the homometallic Ru(II) dendrimers, emission occurs solely from 

the lower-energy peripheral Ru(II) complexes which are coordinated to the terminal 
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ligands(either 1.8 or 1.12).  In the Ru(II)/Os(II) mixed-metal systems, emission is 

expected solely from the lower energy Os cores (Figure 1.3).  However, in these mixed 

metal dendrimers, replacing the Ru(II) at any of the metal sites with Os(II) results in only 

partial energy transfer from the Ru(II) sites (both interior and peripheral) to the Os(II) 

units and therefore emission from both. 
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Figure 1.3  Schematic of Energy Transfer in Multimetallic Dendrimers.15,16 

 

 Incomplete energy transfer from the Ru(II) sites to the Os(II) cores are thought to 

be due to the “blocking” ability of the high-energy interior Ru(II) units.  The energies of 

the lowest excited states follow in the order of Ru(II) (interior) > Ru(II) (exterior) > 

Os(II) (center), and therefore light harvested at the Ru(II) periphery (or transferred there 

from the interior) cannot progress completely to the center Os(II) by energy transfer due 

to the blocking interior Ru(II) units (Figure 1.3).12  Hence, in order to create a true 

antennae species in which light harvested is transferred efficiently to the core, 

decanuclear dendrimers were prepared in which the peripheral Ru(II) units were replaced 
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by Pt(II) whose lowest excited state resides above that of the interior Ru units.15  Light 

harvested by an OsRu3Pt6 dendrimer gives rise to a sole emission band at 875 nm which 

is due to the emitting 3MLCT of the Os core unit.  These dendrimers represent the first 

metallodendrimers containing three different types of metals. 

 To introduce organic chromophores into multinuclear metallo-organic 

dendrimers, Campagna and coworkers have placed pyrene moieties on the periphery of a 

Ru(II)- and Os(II)-containing dendrimer 1.13.38  An enhanced antennae effect occurs in 

the dendrimer because of intramolecular pyrene-to-ligand CT transitions which are seen 

in the visible region of the absorption spectra, in addition to the absorption bands due to 

the individual components of the dendrimer.  The energies of the lowest excited-state are 

in the order: pyrene > Ru(II) interior > Os(II) core and, therefore, energy is funneled 

quantitatively to the Os(II) core from where emission is seen around 800 nm.   
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Chart 1.4  Structure of 1.13.38 

 

1.2.2.2 Metal-cored dendrimers with organic dendrons 

The ability to alter the photo- and electrochemical properties of a reactive species 

by surrounding the unit with an organic dendrimer framework has been studied 

extensively.39  In the case of metals, aromatic (bulky) dendrons have been used to 

insulate the metals from dioxygen and other excited-state quenchers,21,40,41 prevent 

aggregation,28,29 and in most cases, harvest light in the higher-energy dendrons which can 

be transferred to the lower-energy metal core.21-23,28,42  
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 Balzani and coworkers have synthesized first and second generation Ru(II) cored 

dendrimers with napthyl groups (12 or 24) at the periphery of benzyl(aryl ether) 

dendrons.21  Dendrons 1.14 and 1.15 were attached to bipyridine ligands (bpy) and 

complexed with Ru(II) to give the resulting dendrimers 1.16 and 1.17. 
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Chart 1.5  Structures of 1.14-1.17.21 

 

 Photoexcitation of the napthyl and dialkoxybenzyl groups of the dendrons 1.14 

and 1.15 give rise to an emission band near 600 nm which is attributed to the 

[Ru(bpy)3]2+ core complex (Figure 1.4).37  The emission of the napthyl groups at 330 nm 

is nearly quenched indicating an energy transfer from the peripheral napthyl groups to the 

[Ru(bpy)3]2+ core.  Longer luminescence lifetimes of the dendrimers in aerated solutions 

(compared to the [Ru(bpy)3]2+ parent) indicate that the bulky dendrons prevent dioxygen 

from accessing the core and quenching the excited state, which has been shown for other 

Ru(II) containing dendrimers.40,41 
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Figure 1.4 (a) Emission spectra of 1.17 (dotted), 1.15 (dash), and [Ru(bpy)3]2+ (solid) when exciting into 
napthyl groups (270 nm).  (b) Emission of 1.17 (dotted) and [Ru(bpy)3]2+ when exciting into the 
[Ru(bpy)3]2+ core (450 nm).21 

 
 

A similar study by Castellano and coworkers placed coumarin 450 (C450) dye 

molecules on the periphery of “reverse” benzyl aryl ether dendrons, first introduced by 

Hanson,43 attached to a Ru(II) core moiety to give dendrimer 1.18.  The chromophores 

satisfy the requirements of a Förster energy transfer as the emission of the C450 

significantly overlaps the absorption of the [Ru(bpy)3]2+ species and give a calculated 

Ru(bpy)3
2+ 

Ru(bpy)3
2+ 



 40 

Förster radius of 41.2 Å.   Fluorescence spectra indicate that light absorbed by the C450 

moieties on the periphery of the first generation dendrimer 1.18 is accompanied by 

energy transfer and subsequent emission by the [Ru(bpy)3]2+ species at the core (Figure 

1.5).  Estimated energy transfer efficiency was calculated by comparing the absorbance 

and excitation spectra (observed at emission wavelength of [Ru(bpy)3]2+ complex, 610 

nm) and was determined to be around 95 ± 10%.  Preliminary excited state lifetime 

measurements indicated that dioxygen quenching was reduced by the presence of the 

“shielding” dendrons.22  However, further investigation of the bimolecular quenching 

rates for several additional quenchers indicated that dioxygen was an exception rather 

than a rule.42  In all other cases the dendrons allowed access to the core by the quenchers 

(e.g. 9-methylanthracene and phenothiazine).  Therefore, the reduced quenching in the 

dioxygen case was possibly due to the lower solubility of dioxygen in the 

microenvironment surrounding the metal core, not an inability to diffuse to the core. 
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Chart 1.6  Structure of 1.18.22 
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Figure 1.5  Emission spectrum of dendrimer 1.18 in CH3CN when excited into the coumarin 450 dyes (343 
nm).22 

 
 

Dehaen and coworkers utilized carbazole dendrons attached to 1,10-

phenanthroline ligands (phen) to construct a dendrimer around a Ru(II) core(1.19).23  

Absorbance transitions assigned to carbazole, phen, and carbazole-to-phen CT transitions 

all gave rise to emission from the Ru(II) core, providing yet another light-harvesting 

dendrimer which illustrates the antennae effect. 
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Chart 1.7  Structure of 1.19.23 

 

Further examples of harvesting dendrimers that contain transition metals include 

poly(propylene imine) (PPI) dendrimers modified with 32 dansyl groups at the periphery 

(1.20)24 whose fluorescence is quenched when a single Co2+ ion is coordinated to the 

interior amines, thereby creating a fluorescent chemosensor (Figure 1.6).44,45  The 

quenching arises from energy and electron transfer between the excited dansyl groups 

and the Co(II) amine complexes.  Similar results have been obtained for lanthanide 

metals coordinated to the interior of polylysine dendrimers containing dansyl groups on 

the periphery.25-27 
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Figure 1.6  Fluorescence intensity of 1.20 with the addition of Co2+ (dark circles).  Inset shows linearity at 
low concentration.  Solid line is linear extension of the initial slope, dashed line is expected if two Co2+ are 
independently coordinated in 1.20.45 

 
 

Because of their narrow emission bands, long luminescence lifetimes, and 

absorption profiles that span from the near-UV to the near-IR, lanthanides have been 

investigated for applications such as light-emitting diodes46 and optical amplifiers.47 

However, the tendency of lanthanides to aggregate leads to self-quenching which limits 

their luminescence efficiency and lifetimes.  Also, proximity to solvent molecules which 

can act as quenchers limits their potential use as optoelectronic materials.48,49  In work on 

lanthanide containing dendrimers, Kawa and Fréchet28,29 synthesized benzyl(aryl ether) 

dendrons with carboxylate focal points that formed 3:1 complexes with lanthanide ions 

Er3+, Tb3+, or Eu3+ (Scheme 1.1).  Emission spectra for 1.21b, 1.22b, 1.23b at identical 

concentrations show an increase in the emission from the Eu core when the dendrons are 

[Co2+]/[1.20] 
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excited.  This is due to both an increase in energy harvesters as generation increases 

(antennae effect) and an increase in site-isolation allowing for reduced self-quenching of 

the Eu cores (shell effect).  Interestingly, when the substitution of the phenyl ring closest 

to the focal point is changed from 3,5- to 2,5-, emission enhancement is not as 

pronounced. 
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Scheme 1.1  Synthesis of lanthanide-cored dendrimers.28,29 

 

1.2.3 Phenylacetylene dendrimers 

Dendrimers consisting of phenylacetylene moieties exist as (i) “compact” or 

“extended” meta-conjugated phenylacetylene (PA) dendrimers,50-64 and (ii) 

unsymmetrical branched phenylacetylene dendrimers.65-68   

1.2.3.1 “Compact” and “extended” phenylacetylene dendrimers 

 Moore and coworkers have synthesized phenylacetylene dendrimers of two types, 

“compact” (1.24) and “extended” (1.25).50-52  Both the “compact” and “extended” forms 
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contain meta-substituted phenylacetylene subunits.  However, the lengths of the 

phenylacetylene segments differ between the two types.  In the “compact” form, all 

conjugated segments are effectively the same length and exhibit the same excitation 

energies; meta-substitution ensures that π-conjugation is blocked at each branching point, 

allowing for a localized excited state upon excitation.53,56  In the “extended” form, as the 

dendrimer proceeds from the periphery to the core, the conjugation length of each 

generation increases by one phenylacetylene moiety.  Concomitant with the increase in π-

conjugation is a step-wise decrease in the lowest excited state energy.  This allows the 

dendrimer to act as an energy “funnel.”  The “extended” dendrimer still contains 

localized excitations.  However, in each layer leading up to the core the excited state 

energy is more delocalized due to increasing conjugation.  It is important to emphasize 

that neither type of dendrimer exhibits a delocalized excitation over the entire dendrimer.  

Rather, energy is localized in each layer or generation.   

 Tris dendrimers (three dendrons attached to a 1,3,5-trisubstituted phenyl core) in 

“compact”50,52 and “extended”51 forms have been synthesized as well as “nanostars”54,55 

(Chart 1.9) which consist of a “compact” or “extended” dendron attached to a perylene 

“trap” (1.26 and 1.27).  Their energy transfer rates and mechanisms have been studied 

extensively.53,55-62  Important features are observed when comparing the absorption 

spectra for a series of “compact” and “extended” dendrimers (Figure 1.7).53,58  In the 

“compact” case, the absorption maxima remain at a fixed wavelength throughout the 

series with only the intensity scaling with increasing number of absorbing chromophores.  

This indicates that not only are the excitations localized within the layers, but also that 
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the chromophores, regardless of location within the dendrimer, all absorb at the exact 

same wavelength.  However, the spectra of the “extended” series contain additional peaks 

of lower energy with each generational, corresponding to the linear segments of extended 

conjugation.  A broader absorption spectra for “extended” dendrimers imply that these 

molecules will be more effective light harvesters.  It should be noted that the absorption 

spectra of the “compact” and “extended” nanostars are similar to their respective 

dendrimers with an additional peak at 475nm for perylene absorption. 
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Chart 1.9  Structures of “compact” and “extended” dendrimers (1.24 and 1.25) and nanostars (1.26 and 
1.27).50-52,54,55 
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Figure 1.7  Absorption spectrum for “compact” dendrimers (top) and “extended” dendrimers (bottom) in 
hexane.  Arrows indicate the absorption bands for two, three and four phenyls in a phenylacetylene chain, 
respectively.58 

 
 

 The quantum yield for energy transfer ΦENT for “compact” and “extended” 

nanostars was measured by comparing absorption and excitation spectra normalized in 

the perylene absorption region (430-500 nm) (Figure 1.8).55,57  For the “extended” 

nanostar 1.27, ΦENT was 98%.  The “compact” nanostars of varying generations give 

ΦENT of 95% for the lowest generation and 54% for the highest; residual emission from 
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the phenylacetylene segments increases with generation.  Fluorescence lifetime 

measurements also differ greatly for the “extended” (270 ps) and “compact” (2.3 ns) 

structures, yielding rate constants for energy transfer kET for the “compact” molecules 

that are lower by two order of magnitude than those for the “extended” structure.  

Although the Förster equation provides kET values that cannot be correlated to the 

observed ones, the reasons for lower efficiency in the “compact” structures can be 

explained by the Förster model:  as generation increases, chromophore separation 

becomes too great for efficient energy transfer.  The energy “funnel” inherent in 

“extended” structures, on the other hand, allows for efficient step-wise transfer of energy 

to the perylene core, which is not hampered by the interchromophoric distance as in the 

“compact” case. 
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Figure 1.8  Absorption and excitation spectra of an (a) “extended” nanostar and (b) “compact” nanostar.58 

 

 Although at higher generations “compact” structures have decreased ΦENT values, 

direct sensitization of the perylene cores by the diphenylacetylene segments in the 

dendrons can occur.  In the “extended” nanostar 1.27, perylene excimer formation lends 

evidence that long-range energy transfer also takes place, in addition to a multistep 
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process.58,59  Although concentration excimer dependence was expected and observed, an 

unexpected dependence on the wavelength of excitation was also observed, as measured 

by steady-state fluorescence.  Excimer fluorescence was highest when the innermost 

layer of phenylacetylene moieties was excited, indicating that a phenylacetylene excimer 

is initially formed which in turn excites a perylene excimer (Table 1.1).  Because the 

excimer emission was much lower when interior or periphery phenylacetylenes were 

excited, all excitons created in these outer regions do not always funnel to the interior 

ones, leaving the possibility that there is some amount of direct energy transfer that does 

take place between the periphery and the perylene trap. 

Table 1.1  Excimer/monomer ratio for “extended” nanostar 1.27.58,59 

Excitation 

Wavelength, nm 

Dendrimer 

Generation 

Excimer/Monomer 

Ratio 

310 3 0.33 

334 2 0.31 

390 1 4.0 

450 Perylene trap 0.14 

  

  

 Pu and coworkers are interested in using chiral dendrimers as enantioselective 

fluorosensors.63,64  By utilizing the antennae effect available to light-harvesting 

dendrimers, fluorescence amplification can be achieved, implying that the dendrimers 

will be more sensitive fluorosensors to smaller amounts of a quencher.  The dendrimer 

1.28 consists of “compact” phenylacetylene dendrons surrounding a chiral 1,1’-bi-2-

naphthol (BINOL) core.  Precise placement of the dendrons around the BINOL core 

creates a chromophore that has extended conjugation and therefore acts as an energy sink 



 54 

for energy harvested by the dendrons.  Hydrogen bonds formed between the BINOL core 

and chiral amino alcohols in solution quench the fluorescence from the dendron/core 

chromophore.  Stern-Völmer plots show a mirror-image relationship between the 

enantiomers of the dendrimers and the enantiomers of the quenchers (e.g. (S)-dendrimer 

quenches (S)-amino alcohol more efficiently and (R)-dendrimers quench (R)-amino 

alcohols more efficiently). 

OH

OH

R

R

R

R

R =

1.28

 

Chart 1.10  Structure of 1.28.63,64 

 

1.2.3.2 Unsymmetrical phenylacetylene dendrimers 

 If meta and para branching patterns are utilized, instead of the all-meta branching 

in Moore’s PA dendrimers, dendrons now consist of a long linear segment that is 

attached to the core and from which PA segments of different length are attached (1.29a-

d).65-68  The overall effect is one of an energy “short-cut” as now all segments varying in 
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length are directly attached to the lowest energy PA moiety.  In other words, the number 

of steps in this multistep energy transfer is diminished from Moore’s “extended” system.  

Energy transfer as measured by ΦENT is very efficient (85 – 95%) and does not seem to 

decrease with increasing generation as in the “compact” symmetrical PA dendrimers.  

Also interesting is the minor effect that dendron geometry has on the ΦENT.  Dendrons 

were attached to perylene “traps” in two ways; the perylene was either conjugated to the 

longest linear segment of the dendrons or attached by a meta-linkage, disrupting the 

conjugation.  Only slightly lower ΦENT were obtained for the meta-linked [G1] 

dendrimers (difference of 3%) but the difference increased to 9% at the [G2] level. 



 56 

H3CO

H3CO

H3CO

OCH3

OCH3

OCH3

OCH3

X

Symmetrical
branching

Unsymmetrical
branching

1.29a - (4,5): X = OH
1.29b - (4,5): X = perylene
1.29c - (3,5): X = OH
1.29d - (3,5): X = perylene

perylene =

 

Figure 1.9  Structures of unsymmetrical phenylacetylene dendrimers 1.29a-d.ref 

 

1.2.4 Dendrimers containing distyrylbenzene or stilbene units 

 Although early examples of OLEDs included polymers, specifically poly (p-

phenylene vinylene) (PPV), as the emissive material,6 conjugated oligomers can also be 
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useful emitters as well as energy harvesters.  Oligomers offer advantages over their 

polymeric parents such as ease of synthesis and functionalization allowing for easy 

introduction of various substituents.  They can also be incorporated into dendrimers as 

both host and guest chromophores. 

 Distyrylbenzenes (DSB), also known as oPPVs, have been extensively 

functionalized to alter their band-gap properties as well as their two-photon cross-

sections.  By tailoring the end-capping styrene groups to be branching units in dendrons, 

several dendrimers have been synthesized containing DSB at the core.  Kwok and 

Wong69 have placed either one or two poly (aryl ether) dendrons around a core DSB to 

elucidate the influence of the dendritic wedge on aggregation of the cores.  By placing a 

single electron-transporting oxadiazole on the exterior of the dendrons to offset the hole-

affinity of the DSB, the dendrimers (1.31 and 1.33) then become more charge-balanced. 
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Chart 1.11  Distyrylbenzene dendrimers 1.30-1.33.69  

 

Fluorescence lifetimes and quantum yields of the symmetrical dendrons were 

higher then those of their asymmetric counterparts indicating that there is more effective 

shielding of the DSB cores by two dendrons than one.  In all other areas, such as energy 

transfer from the dendrons to the DSB core and OLED device performance, asymmetrical 

dendrimers seem to hold the advantage over the symmetrical ones.  Performance is 

further enhanced in devices when a hole-transporting material, diphenylamine, is blended 

into the emissive layer of the oxadiazole asymmetrical dendrons, indicating that placing 

an oxadiazole on every dendron is excessive. 
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 Samuel and Burn 70 have used DSB cores surrounded by conjugated dendrons as 

the emissive and charge transport layer in OLEDs.  The conjugated dendrons consist of 

stilbene units in a meta-branching pattern, which prevents uninterrupted conjugation 

throughout the dendron.  Each stilbene subunit therefore appears electronically isolated, 

although red-shifted absorbance and PL spectra indicate that there is some amount of 

delocalization.  Excitation of the stilbene units does result in emission solely from the 

distyrylbenzene core in both solution and thin films, giving evidence of efficient energy 

transfer.  Light-emitting devices from all three generations of dendrimers were equal to 

(1.34 case) or better than (1.35 and 1.36 cases) single-layer devices containing PPV.  

Dendrimers with DSB cores surrounded by electron transporting triazine groups (1.37) 

were found to produce comparable PL quantum yields but lower device external quantum 

efficiencies by a factor of 10.71 
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Chart 1.12  Distyrylbenzene cored dendrimers 1.34-1.37.70,71 

 

 Burn and Samuel have used their stilbene dendrons to transfer energy to a number 

of different cores for color-tuning in OLEDs.72  First and second generation dendrons 

with an aldehyde at the focal point have been coupled with the bisphosphonate esters to 

form DSB and distyrylanthracene cored dendrimers 1.38-1.43.  Dendron aldehydes and 

pyrroles were condensed to form porphyrin dendrimers 1.44 and 1.45.  Proton NMR 

spectra of the porphyrin cored dendrimers 1.44 and 1.45 showed a chemical shift of the 

tert-butyl groups on the periphery of the dendrons indicating that the tert-butyl groups 

were actually hovering over the porphyrins.  This points to an orthogonal positioning of 
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the dendrons to the porphyrin core, and the authors were interested as to whether this 

would hinder energy transfer from the dendrons to the porphyrin core.  Interestingly, in 

dendrimers 1.38-1.43, energy transfer was found to be ca. 65%.  However, in the case of 

the porphyrin dendrimers 1.44 and 1.45, excitation of the dendrons resulted in 

quantitative energy transfer to the core as measured by comparing excitation and 

absorbance spectra. 
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(1.44 and 1.45).72 
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1.2.5 Porphyrin containing dendrimers 

 The three categories of porphyrin-containing dendrimers that will be discussed 

include: (i) porphyrin cores surrounded by organic dendrons73-75 (ii) dendritic arrays of 

porphyrins at the both core and branching points,76-78 (iii) organic dendrimers with 

porphyrins at the periphery.79-81 

1.2.5.1 Dendrons surrounding a porphyrin core 

 Work by Jiang and Aida on light-harvesting and energy transfer properties of 

porphyrin-containing dendrimers began as an extension of their investigation of 

azobenzene-containing dendrimers and their energy transfer phenomena.82-84   Mono-

azobenzene-containing dendrimers 1.46a–d exhibited remarkable generation dependent 

energy harvesting capabilities.  As expected, compounds 1.46a–d undergo ultraviolet 

photoinduced isomerization from the E-form to the Z-form of the core azobenzene and 

thermally isomerize in the reverse direction with typical half-lives.  However, when 

individual solutions of the Z-forms of 1.46c and 1.46d were irradiated with infrared 

irradiation (75 W glowing nichrome source), isomerization to the E-form was accelerated 

over 250 times that of the thermal isomerization and, remarkably, over 20 times that of 

the rate found on irradiation with visible light (440 nm).  Yet, the rates of ZE 

isomerization of 1.46a and 1.46b were unaffected by the infrared irradiation.  Apparently, 

spatial isolation of the azobenzene is crucial for this effect, as indicated by control 

experiments involving compound 1.47.   

Infrared irradiation of Z-1.46d was carried out using three specific wavelengths: 

(a) a stretching vibration for aromatic rings (1597 cm–1), (b) a stretching vibration for 
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CH2–O (1155 cm–1), and (c) a transparent region (2500 cm–1).  Only the 1597 cm–1 

radiation accelerates the ZE isomerization reaction.  In addition, irradiation of Z-forms 

of the entire series of dendrimers (1.46a–d) with 280 nm light (λmax of the benzyl aryl 

ether dendrimer framework) accelerated the ZE isomerization reaction, but only for 

1.46c and 1.46d and not 1.46a or 1.46b (This result is curious in that the azobenzene 

itself has a finite absorbance at 280 nm and irradiation at this wavelength markedly 

accelerates ZE isomerization.).  These two results taken in concert strongly suggest a 

matrix to core intramolecular energy transfer is partly responsible for the acceleration 

effect.  Hence, the authors postulate that the dendrimer frameworks in 1.46c and 1.46d 

insulate the interior units from collisional energy scattering as well as serve as light 

harvesting antenna.  Photon harvesting is necessary to account for how 1597 cm–1 light 

(0.2 eV) could accelerate a process that has an activation free energy (∆G‡) of 19.4 kcal 

mol–1 (0.84 eV) at 21 °C.  Indeed, photon flux experiments indicated that 4.9 photons at 

1597 cm–1 (0.98 eV total) are involved in this photochemical process. 
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Chart 1.14  Dendrimer system reported by Jiang and Aida to exhibit low-energy photon harvesting.82-84 
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 Porphyrins were chosen as an alternative chromophore to elucidate whether this 

selective energy transfer was a feature of just the azobenzene chromophore or the 

morphology of the entire dendrimer.73  A variety of symmetrical and unsymmetrical 

dendrimers were synthesized in which the four meso-positions on the porphyrin 

molecule, P, were substituted with methoxy-terminated poly(aryl ether) dendrons (3rd or 

4th generation) and tolyl groups (Chart 1.15).  When 1.48e was excited at 280 nm 

(dendron absorption) emission was observed primarily from the porphyrin core (656, 718 

nm) with only weak emission seen from the dendrons (310 nm), giving an energy transfer 

quantum yield, ΦENT, of 80.3%.  However, excitation at the same wavelength (280 nm) of 

the unsymmetrical dendrimers, (1.48b-d) , resulted in emission primarily from the 

dendrons and only weakly from the porphyrin cores, yielding ΦENT values of 10.1, 19.7, 

10.1, and 31.6%, respectively.  This increase in ΦENT with increasing number of dendrons 

suggests a cooperativity of dendrimer subunits involved in the energy transfer process, 

and further indicates the dependence of the process on morphology of the dendrimer.  

Fluorescence anisotropy experiments show that once excitation of the dendrons occurs in 

1.48e, the energy migrates freely among the dendrimer subunits until it is transferred to 

the porphyrin core.  However, in the unsymmetrical dendrimers, energy migration is less 

efficient, and therefore energy transfer is lower.  Temperature-dependent fluorescence 

measurements suggest that lower energy transfer for the unsymmetrical dendrimers is 

related to conformational flexibility.  Increasing temperature results in lower ΦENT values, 

yet the ΦENT of 1.48e remains essentially the same up to 80 °C.  
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Chart 1.15  Schematic of dendrimers containing a single porphyrin core.73 

 

 In a separate study by Shirai and coworkers, porphyrin dendrimers containing 

conjugated poly(phenylene) dendrons were synthesized (Scheme 1.2) and exhibit ΦENT of 

the highest generation of 98%.74  This increase in efficiency over the poly(aryl ether) 

dendrons73 was attributed to additional through bond (Dexter) energy transfer pathways 

from the conjugated dendrimer subunits to the porphyrin core.  Fluorescence 

measurements on mixtures of [G2] boronic acid and the porphyrin core excited into the 

dendron absorption band (262 nm) exhibit emission only from the dendron.  No energy 

transfer emission from the porphyrin appears.  This again points to the important role that 

the dendrimer morphology plays in an energy-transfer process. 
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Scheme 1.2  Synthesis of porphyrin dendrimers containing poly(phenylene) dendrons.74 

 

 Fréchet and coworkers synthesized porphyrin cored dendrimers (Chart 1.16) and 

their architecturally isomeric linear analogues which were then subjected to 

photophysical characterization.75  Poly(aryl ether) linear oligomers were attached to a 

porphyrin core to give four-arm and eight-arm star molecules.  Corresponding eight-arm 

porphyrin cored dendrimers of generation 2 through 5 were exact architectural isomers, 

although their hydrodynamic volumes as measured by GPC vastly differed owing to the 

different conformations adopted by the linear and dendritic macromolecules.  The 

dendrimer, with its more globular structure, gave a much lower hydrodynamic volume 

then its eight-arm isomer, whose molecular weight was closely predicted by linear 

polystyrene standards. 
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Chart 1.16  Schematic of dendritic and four- and eight-arm porphyrins.75 

 

 To investigate the effect that linear versus dendritic poly(aryl ether) architectures 

might have on their antennae effect, emission studies were performed to elucidate ΦENT 

values.  While the ΦENT only slightly decreased with increasing generation in the 

dendrimer series (89.7% for 1.51b, 88.4% for 1.51c, and 83.9% for 1.51d, ΦENT for the 8-

arm linear analogs falls off more dramatically (87.8% for 1.52b, 74.1% for 1.52c, and 
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57.0% for 1.52d) corroborating the morphological dependence on ΦENT that was 

observed in previously described systems.73,74  While dendrimers provide a compact 

structure in which the distance between the dendron chromophores and the porphyrin 

core is within the Förster radius, the extended structure of the isomeric linear analogues 

can separate chromophores beyond a useful distance for energy transfer. 

1.2.5.2 Dendritic porphyrin arrays 

Star-shaped multi-porphyrin arrays have been constructed to mimic energy 

funneling in photosynthesis.  These dendrimers contain free-base porphyrin cores (PFB) 

connected to four dendrons consisting of 1, 3, or 7 zinc-metallated porphyrins (PZn) 

embedded in an organic matrix connected by ether linkages (Figure 1.10).76,77  The 

periphery consists of methoxy-terminated poly(aryl ether) dendrons.  For comparison, 

cone-shaped arrays consisting of PFB cores monosubstituted with PZn dendrons were also 

synthesized. 
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Figure 1.10  Schematic of multiporphyrin array.76,77 
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Emission from the star-shaped arrays arises from excitation of the PZn followed by 

intramolecular energy transfer to the PFB cores which act as energy traps.  Measured ΦENT 

of the star-shaped arrays were 87, 80, and 71% for 1.54c, 1.54b,  and 1.54a, respectively.  

However, the drop-off of the cone-shaped arrays was more dramatic with ΦENT of  86, 66, 

and 16% for 1.54f, 1.54e, 1.54d, respectively.  The large gap in ΦENT between 1.54e  and 

1.54d indicates that there is an upper limit to the distance between communicating 

chromophores when those chromophores are not conjugated, consistent with the Förster 

energy transfer model.  Fluorescence lifetimes, τD, (monitored at 585 nm, an emission 

maxima of PZn) of the star-shaped arrays were always shorter then those of their cone-

shaped counterparts.  However, the gap between the star- and cone-shaped lifetimes 

became larger with increasing dendrimer generation, demonstrating the inability of the 

higher generation cone-shaped arrays to efficiently transfer energy to the PFB core as 

corroborated by ΦENT values.  Fluorescence anisotropies of the star-shaped arrays are 

lower then those of the cone-shaped molecules, which again indicates energy migration 

throughout the dendrimer framework followed by energy trapping by the PFB core.  

Again, morphology of the dendrimer is critical for efficient light-harvesting porphyrin 

containing dendrimers as the dendritic subunits show cooperativity in both light-

harvesting and energy funneling to the core. 

 Dendritic porphyrin arrays have been synthesized in which PZn molecules are 

connected via conjugated diphenylethynyl linkages and subsequently attached to a PFB 

core (Chart 1.17).78  These arrays show similar energy transfer characteristics to those 

mentioned previously76,77 (i.e. energy transfer occurs in a downhill fashion from the PZn 



 70 

to the PFB core).  However, the reported ΦENT values are much higher, presumably due to 

the increase in electronic communication by conjugation.  Interestingly, bulk oxidation 

experiments show the removal of 20 electrons in 1.55, which yields a stable π-cation 

radical with hole-storage possibilities. 

=   zinc porphyrin

=   free base porphyrin

=

=

H3C

H3C
or

H3C

H3C

CH3

1.55  

Chart 1.17  Multiporphyrin array connected by diphenylethynyl linkages.78 

  

1.2.5.3 Porphyrins as peripheral groups on organic dendrimers 

Fifth generation poly(L-lysine) dendrimers have been modified at their periphery 

with 16 PZn in one hemisphere and 16 PFB molecules in the other by using the orthogonal 

protection offered by Boc and Fmoc chemistry (Chart 1.18).79  Energy transfer from the 

PZn to the PFB was measured at 43% which corresponds to roughly 7 of the 16 PZn being 

in proximity to the PFB groups.  When the porphyrins are arranged in a random fashion on 

the periphery (not necessarily 16 of each), energy transfer is increased to 85%.80 
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Chart 1.18  Porphyrins on the periphery of poly(L-lysine) dendrimers.79,80 

 

 Meijer and coworkers have synthesized a family of poly(propylene imine) 

dendrimers of first, third, and fifth generations which contain 4, 16, and 64 PFB moieties, 

at the periphery, respectively (Chart 1.19).81  Fluorescence anisotropy values led to 

mechanistic models and equations to describe the energy transfer processes.  The models 

take into account the different morphologies of the dendrimers: the disk-like nature of 

[G1] and the spherical natures of [G3] and [G5].  In the [G1] dendrimer, the Förster 

mechanism is sufficient to explain the energy transfer.  Low anisotropy values in the [G3] 

dendrimer are explained by considering the dendrons as electronically separate from one 

another.  Intradendron porphyrin energy transfer results in limited energy migration and 
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therefore low anisotropy values.  A segregated dendron explanation is not feasible for the 

crowded periphery of the [G5] dendrimer, as an intricate anisotropy decay indicates.  The 

initial decay is fast followed by a slow return and leveling off.  Rapid energy transfer 

between the dense porphyrins at the surface of the sphere in addition to slower energy 

transfer between porphyrins further removed from the sphere can explain the observed 

anisotropy. 
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Chart 1.19  Porphyrins at the periphery of PI dendrimers.81 
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1.2.6 Coumarin dye labeled poly(aryl ether) dendrimers 

 Fréchet and coworkers85,86 have synthesized a series of dendrimers whose energy 

transfer mechanism is exclusively through-space.  By designing dendrimers in which the 

donor periphery chromophores are effectively separated from the interior acceptors, the 

dendrimer architecture becomes simply a structural scaffold upon which chromophores 

can be placed.  Chromophores are carefully chosen to satisfy the requirements of Förster 

energy transfer (i.e. emission of donor overlaps absorbance of acceptor), so that any 

photons absorbed by a molecule on the periphery undergo intramolecular singlet energy 

transfer to the core moiety and emission from that core ensues. 

 In these studies a pair of coumarin dyes were employed as the donor/acceptor 

pair.  They were used for reasons that include: commercial availability at high purity, 

solubility in organic solvents, high fluorescence quantum yield (Φfl), sufficient spectral 

overlap (Figure 1.11), and a large Stokes shift of the peripheral coumarin 2 dye ensuring 

that energy transfer, rather then self-quenching will be more probable following 

excitation. 
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Figure 1.11  Absorption and emission spectra of coumarin 2 and coumarin 343.86 

 

 To accommodate the nucleophilic nature of the coumarin 2 periphery dyes,  

“reverse” dendrons30 were used so that the dendrimer could be convergently synthesized 

(Chart 1.20).  “Reverse” refers to using 3,5-benzyl groups versus the typical 3,5-phenols, 

thereby switching the reactivity at the 3 and 5 positions from nucleophilic to electrophilic 

making them reactive towards the nucleophilic coumarin 2.  The interior dye was 

coumarin 343 (C343), whose absorbance overlapped sufficiently with the emission of 

coumarin 2. 
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Chart 1.20  “Reverse” dendrons with coumarin 2 hosts and coumarin 343 guest.85,86 

 

 Energy transfer in the first through third generation dendrimers (1.57a-c) is nearly 

quantitative as measured by comparing absorbance and excitation spectra and by 

studying fluorescence quenching of the donor by the acceptor.  For the fourth generation 

(1.57d), the energy transfer efficiency decreases to 93% which is likely due to the 

increased interchromophoric distance.  Energy transfer to the dendrimer scaffold is 

unlikely because its excited state lies at higher energy than both the coumarin donor and 

acceptor. 

 The significance of the dendrimers as effective light harvesters is most apparent in 

their “antennae effect.”  An “antennae effect” occurs when the emission intensity from 

the core is greater when the donor is excited rather then the core itself, and is a direct 

result of both the light harvesting abilities of the donors and the energy transfer efficiency 

to the acceptor.  Comparison of fluorescence spectra indicate that there is a pronounced 

“antennae effect” for the higher generation dendrimers 1.57c and 1.57d which contain 8 

and 16 donor chromophores, respectively (Figure 1.12).  However, the increase in 
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emission intensity does not scale with the absorbance increases for higher generations.  

The authors attribute this to an increase in non-radiative pathways for relaxation of 

excitons.  Several generations of dendrimers containing coumarin-2 donor dyes on the 

periphery of  “reverse” dendrons with penta- and heptathiophene acceptors at the core 

were prepared and also exhibited similar energy harvesting capabilities to the coumarin-

2/C343 systems.87 

 

  

Figure 1.12  Emission spectra of 1.57a-d in toluene and direct core emission (dotted line).86 

 

 Dendrimers containing chromophore donor/acceptor pairs carefully placed on an 

inert scaffold have found a use as the emitting material in light emitting diodes.88,89  If the 

donor/acceptor molecules also have hole and/or electron transporting capabilities, then a 

single layer device is possible.  Fréchet and coworkers have synthesized dendrimers with 
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hole-transporting triarylamines on the periphery and an energetically overlapping 

emissive acceptor on the interior (1.58a and b).88,89  These dendrimers, when mixed with 

electron transporting oxadiazole and sandwiched between electrodes emit light with 

external quantum efficiencies of 0.012 % using C343 as the emitter, and 0.12 % when 

pentathiophene (T5) is used as the emitter.  Mixed dendrimer films (both T5 and C343 

dendrimers) showed light emission primarily from the T5 (lower energy) with only a 

small emission from the C343, indicating that energy transfer also takes place between 

the emitting groups in neighboring dendrimers since the Förster radius (35-38 Å) is 

smaller then the interchromophoric distance.  However, energy transfer is not quantitative 

since the emission of light from the C343 dendrimers increases linearly as the percentage 

of C343 dendrimer increases in the blend. 
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Chart 1.21  Dye-labeled dendrimers with triarylamine peripheries for OLEDs.88,89 

 

 To overcome this large Förster radius and create mixed dendrimer multicolor 

OLED’s, larger dendrimers were needed so that energy transfer does not occur.  

However, poor solubility and increasing crystallinity of the dendrons prevented the 

synthesis of these target dendrimers.88,89    To overcome these problems, Fréchet and 

coworkers90,91 replaced every other triarylamine group on the periphery of the dendrons 
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with a dialkyl substituted phenyl ring (1.59 and 1.60).  Dendrimers up to the 4th 

generation could be synthesized with C343 cores, and up to the 5th generation for T5 

cores when only two dendrons are attached to either end of the T5 core in a “barbell” 

fashion.  Site isolation of the individual cores, which implies that interchromophoric 

energy transfer is prevented, was probed by monitoring emission of C343 in films 

(thickness 1100-1300 Å) of mixtures of the dendrimers by photoluminescence (PL) and 

electroluminescence (EL).  Results indicate that while site isolation for the C343 

dendrimers is considerable at the fourth generation, it is only when the T5 dendrimers 

reach the fifth generation that their site isolation is significant.  This is not surprising 

when considering the shape of the dendrimers.  Presumably, the three-fold architecture of 

the C343 structures surrounds or encapsulates the core more effectively then the 

“dumbbell” architecture in the T5 dendrimer. 
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Chart 1.22  Schematic of dendrimers 1.59 and 1.60.90,91 
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Because of the site-isolation afforded by the higher generation dendrimers, there 

is a large increase in C343 emission (normalized to T5 emission) when the molar ratio of 

C343 to T5 is increased from 1:1 to 5:1, indicating a diminishing or lack of energy 

transfer.  Upon dilution of mixtures of [G4] C343 and [G5] T5 by embedding in a 

polystyrene matrix, emission of C343 again increases, due partly to the reduced energy 

transfer to the T5 dendrimers but mostly to reduced self-quenching.  The experiment also 

indicates that even at high generations of both the C343 and T5 dendrimers, complete 

site-isolation is still not achieved, although there is a significant improvement over lower 

generations.  OLEDs were fabricated and showed external quantum efficiencies of 0.2% 

for mixed dendrimer devices and 0.76% for [G5] T5 devices alone.  The higher efficiency 

for the [G5] T5 is attributed to its ability to trap electrons more effectively then C343 

dendrimers which leads to exciton formation and subsequent light emission.  Note the 

higher efficiencies then previously reported88,89 (0.012% for C343 emitters and 0.12% for 

T5 emitters) with lower generation dendrimers. 

 Fréchet and coworkers92 have also synthesized multi-chromophore cascade 

dendrimers whose excited state energies decrease towards the core.  The authors have 

been interested in elucidating whether energy transfer occurs in a step-wise fashion to the 

lowest energy acceptor (Ac), or whether there is a component of energy transfer that 

takes place from the highest energy donor (D1) to Ac bypassing the middle chromophore 

(D2), even though D1 and Ac were spaced farthest apart in the dendrimer array (Chart 

1.23).  A series of model compounds were prepared combining only two chromophores 

so that energy transfer measurements could be made.  FRET efficiencies for D1 to D2 
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(1.62; 99%), D1 to Ac (1.63; 79%), and D2 to Ac (1.64; 96%) were measured by 

comparing the emission of the donors with and without the presence of acceptors.  Since 

the measured FRET in the dendrimer containing both donor chromophores, D1 and D2 

(1.61), and the perylene acceptor, Ac, at the core was greater then 95% when exciting D1 

(342 nm), a cascade energy transfer from D1 to D2 to Ac seems likely since D1 to Ac 

FRET efficiency was much lower (79%) then that of the multi-chromophore dendrimer 

(95%). 
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Chart 1.23  Schematic of dendrimers with multiple donors and a single acceptor.92 

 

Mixed self-assembled monolayers (SAMs) which consist of coumarin 343 

acceptors and dendrons substituted with coumarin 2 donors at the periphery have been 
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constructed on silicon wafers and their energy transfer properties investigated by front-

face fluorescence spectroscopy.93  Energy transfer comparisons between mixed SAMs 

containing coumarin 2 donor dyes either in a dendritic array (1.65) or as a single 

molecule terminating a long chain mixed with acceptor C343 (1.66) shed light on the 

importance of the dendritic structure.  In the case of the dendritic array 1.65, energy 

transfer was efficient as noted from the lack of donor emission.  An antennae effect was 

also apparent when the donors were excited rather then the acceptors.  However, when 

the linear single molecules were mixed with the acceptors in a 4:1 ratio (to keep the 

molar ratio of donors to acceptors the same as in the dendritic case), there was significant 

donor emission.  A likely explanation for the donor emission is that some chromophore 

pairs were too far apart (exceeding the Förster radius of 42 Å) due to phase separation of 

the donors into domains.  A dependence upon donor/acceptor molar ratio was observed in 

mixed SAMs of dendrons containing only two coumarin-2 dyes and linear acceptors.  It 

was found that if the molar ratio exceeded 4:1, emission resulted from both acceptor and 

donor, but at 4:1, emission occurred almost exclusively from the acceptors.  Lower molar 

ratios (1:2) also showed complete quenching of donor emission.  However, no antennae 

effect was observed. 
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Chart 1.24  Schematic of 1.65 and 1.66 for SAMs.93 

 

1.2.7 Two-photon light harvesting and energy transfer 

Dendrons and dendrimers containing two-photon absorbing (TPA) chromophores 

as the donors and a nile red dye (NR) as the core acceptor have been synthesized for 

potential uses in two-photon imaging and optical limiting (Chart 1.25).94,95  Single-

photon absorption and energy transfer from the TPA to the NR in dendrons consisting of 

one TPA and one NR resulted in a 3.4-fold increase in NR emission when exciting the 

TPA chromophores (405 nm) rather then the NR (540 nm).94  This can be attributed to 

the antennae effect of the TPA moieties which effectively increases the extinction 

coefficient of the molecule at the TPA single-photon absorbing wavelength (405 nm).  

Energy transfer for single-photon absorption was found to be greater then 99%.  Laser-

induced two-photon absorption also resulted in energy transfer from the TPA groups to 
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the NR core.95  Three dendritic compounds consisting of 1, 2, and 4 TPA hosts (1.67, 

1.68, and 1.69, respectively) surrounding a NR guest showed 8, 20, and 34-fold increases 

in NR emission, respectively, also attributed to the antennae effect.  Compounds such as 

these which can absorb and transfer both single- and two-photon energy to a central core 

are important as energy harvesters because the window of wavelengths that can be used 

to excite the molecules is increased substantially over systems capable of only single-

photon absorption. 
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Chart 1.25  Two-photon dendrimers with a nile red dye acceptor.94,95 

 

1.2.8 Polyphenylene dendrimers 

In the past several decades, many different dendrimer architectures have been 

introduced for a variety of purposes.  Among the simplest designs are the polyphenylene 

dendrimers which consist only of branched phenyl groups.  Since there are no bridging 

atoms between the rings, the phenyl groups of the dendrimer are twisted out of plane so 
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that the dendrons themselves have limited conjugation.  The bulky nature of the dendrons 

lends them as useful insulators for chromophores with aggregation, crystallinity, and 

solubility issues.96  Also, as with other dendrimer architectures, polyphenylenes can be 

used as inert scaffolds onto which host/guest chromophores can be placed for Förster 

energy transfer.97-99  These types of polyphenylene dendrimers have been studied 

extensively by Müllen and coworkers by a variety of techniques including fluorescence 

anisotropy and single-molecule spectroscopy. 

The polyphenylene dendrimers were found to effectively isolate large 

chromophores such as perylene derivatives, when two polyphenylene dendrons (first 

through third generation) are attached to a perylenetetracarboxylic diimide core (PDI) 

(1.70).96  Although the alkoxy substituents in the “bay” area of the perylene twist the core 

slightly out of planarity, the chromophore is only slightly blue-shifted when incorporated 

into the dendrimers.  Therefore, energy transfer from the polyphenylene dendrons is still 

accomplished with high efficiency. 
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Chart 1.26  Polyphenylene dendrimer with a perylenetetracarboxylic diimide core (PDI).96 
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 When a phenylene first generation dendrimer with a tetrahedral core is substituted 

on the periphery with three peryleneimides (PI) and one terryleneimide (TI) (1.71) to act 

as the lower energy acceptor, energy hopping between the PI molecules eventually results 

in energy transfer to the TI trap.97,98  Since the dendrimer only contains the four equally 

spaced chromophores, there are no intramolecular excimers formed, as evidenced by their 

localized fluorescence.  Two different fluorescence anisotropy decay times measured for 

this system indicate that there are two different energy pathways available for trapping by 

TI.  The authors hypothesize that there are two different environments for the TI groups 

with respect to the PI donors.  One of the environments places the chromophores close to 

one another which provides the initial close-proximity pathway.  However, the two 

pathways do not affect the overall energy transfer efficiency which is notably high at 

96%. 
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Chart 1.27  Schematic phenylene dendrimer 1.71.97,98 
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 By changing the position of the chromophores so that the terrylenediimide (TDI) 

is at the core and the PI are at the periphery of polyphenylene dendrons, Müllen and 

coworkers have created dendrimers which are incapable of intramolecular aggregation of 

chromophores due to their rigidity (1.72 and 1.73).99  Additional high energy donors such 

as naphthaleneimides (NI) have been placed in a 2:1 ratio to PI on the periphery of the 

dendrons to create cascading dendrimers (1.74) which can undergo stepwise energy 

transfer from the NI to the PI and ultimately, to the TDI moiety at the core. Excitation of 

the PIs in the two-chromophore dendrimers (1.72 and 1.73) results in roughly 93% 

energy transfer to the TDI core in both 1.72 and 1.73.  Energy transfer in the three-

chromophore system (1.74) also occurs although the efficiency is not reported.  Because 

of the lack of spectral overlap between the NI and TDI chromophores, any energy 

harvested by the NIs must be first transferred to the PI before ultimately arriving at the 

TDI core. 
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Chart 1.28  Schematic of rigid polyphenylene dendrimers 1.72 and 1.73.99 
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1.2.9 Energy transfer to encapsulated guests 

While several researchers have investigated energy transfer from a host (often the 

dendron itself) to a guest at the core of the dendrimer, there are few examples of guests 

that are not covalently bound but encapsulated in some fashion into the voids of the 

dendrimer.  In an elegant example by Meijer and coworkers, oligo (p-phenylene 
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vinylene)s (oPPVs) are covalently attached to the periphery of a PPI dendrimer and 

transfer energy to an encapsulated anionic dye, Sulforhodamine B (Chart 1.30).100  The 

dye is first loaded into the dendrimer by extraction from an aqueous solution into a 

dendrimer-containing organic phase.  An acid-base reaction between the tertiary amines 

in the dendrimer and the carboxylic acids of the dye holds the dyes in place as 

electrostatically bound guests.  Seven dyes are loaded into the third generation dendrimer 

1.75 while the fifth generation dendrimer is capable of extracting 26 dyes into its interior, 

occupying about half of the available tertiary amine sites located in each dendrimer.  

Solution photoluminescence measurements indicate that when the dye concentration in 

the dendrimer is at a maximum, energy transfer from the oPPV groups to the dye is 

approximately 40% for both third and fifth generation.  Although the energy transfer 

percentage is lower than in most covalently incorporated guests, Meijer’s system offers 

the unique opportunity of switching the wavelengths of emitted light if the dye can be 

removed from the dendrimer as easily as it is introduced. 
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Chart 1.30  Structures of third generation PPI-OPPV dendrimer 1.75 and Sulforhodamine B.100 

 

 Fluorescence titration curves show an initial steep increase in dye fluorescence 

when approximately one or two dyes are bound followed by only a gradual increase in 

fluorescence as each additional dye is bound to the interior of the dendrimers (Figure 

1.13).  This change in slope could be due to either self-quenching of the dyes which will 
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compete with fluorescence once the concentration of dye is high enough, or just simply 

an antennae effect of the oPPVs.  Thin films of the dye-loaded dendrimers showed a 

much higher energy transfer efficiency (greater than 90%) which could be due to either 

better spectral overlap (the film fluorescence is slightly red-shifted) or better orientation 

of the host and guest molecules relative to each other within the film, a parameter in the 

Förster energy transfer equation.  Additional dyes that were incorporated into the 

dendrimer all resulted in near-quantitative energy transfer in thin films. 

  

Figure 1.13  (a)  Fluorescence titration curve monitoring both the emission of the G3 dendrimer (492 nm) 
and the Sulforhodamine B dye (593 nm) in the CHCl3 layer as the concentration of dye is increased in the 
water layer.  (b)  Fluorescence spectra of the CHCl3 layer as concentration of the dye is increased in the 
water layer.100 

 
 

 Vögtle and Balzani have also explored light-harvesting and energy transfer to 

non-covalently linked guests.101-103  They utilize PPI dendrimers modified with dansyl 

groups at the periphery (1.76) as the hosts for acidic dyes (i.e. eosin Y, fluorescein, rose 

bengal) as the encapsulated guest emitters.101,102  Dendrimers of second through fifth 
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generation were capable of extracting eosin Y (a diacid) into their cavities.  The amount 

of eosin molecules incorporated into the dendrimers was both pH and concentration 

dependent.  Fluorescence measurements were performed mainly on the fourth generation 

dendrimer 1.76 and show that when the 32 dansyl groups of the dendrimer are excited, 

the eosin guests quench their fluorescence.  However, emission from eosin is also 

significantly quenched.  This is thought to be due to non-radiative emission pathways 

made possible by the electrostatic bonds holding the eosin molecules in place.  

Encapsulation of one eosin molecule is sufficient to quench the fluorescence of all 32 

dansyl groups. 
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Chart 1.31  PPI dendrimer with 32 dansyl groups at the periphery.101,102 

 

 A more recent example by Balzani and Vögtle provided an additional 

chromophore for cascade energy transfer.103  Poly(aryl ether) dendrons with naphthyl 

groups at the periphery were attached to the sulfonamides of the second generation 

dansyl terminated dendrimers to create a “super” dendrimer 1.77 consisting of three 
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different types of chromophores:  32 naphthyls, 24 alkoxybenzenes, and 8 dansyls.  When 

eosin is extracted into the interior of the dendrimer and the dansyl groups are excited, 

emission occurs from eosin with greater then 80% energy transfer efficiency.  Any light 

harvested by the naphthyl or dimethoxybenzyl chromophores is thought to undergo 

energy transfer to the dansyl units and then on to the eosin guest(s).  Therefore, a 

cascading energy transfer dendrimer was realized. 
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Chart 1.32  Schematic of dendrimer 1.77.103 
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1.2.10 Conclusion 

Dendrimers have been shown to act as efficient light harvesters.  Since they can 

be easily synthesized and modified to include chromophores, many routes to light-

harvesting dendrimers have been explored and will continue to be developed.  Energy 

transfer efficiency in many dendritic systems is near quantitative, establishing them as 

viable photosynthetic mimics.  The high energy transfer efficiency in these systems has 

led to their use in optoelectronic devices such as OLEDs and fluorescent sensors.  With 

new easier synthetic approaches to light harvesting dendrimers constantly emerging, it is 

envisioned that these dendritic systems will be competitive with polymers as organic 

materials for devices. 

 

1.3 Quinacridone 

To understand why we are interested in creating dendrimers with quinacridone 

cores, we must first examine the properties of quinacridone that we are both interested in 

and that we may improve upon by encapsulating these green emitters within a dendritic 

envelope.  We would first like to look at prior examples of quinacridone substitution and 

the effects that these substituents have on specific physical properties such as solubility in 

organic solvents which is related to hydrogen bonding and aggregation.104-109  This will 

be followed by a review of the incorporation of quinacridone into solar cells,110-112 light-

emitting diodes,113-133 and other applications utilizing its emissive properties.134,135 
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1.3.1 Quinacridone substitution 

 In order to understand the physical properties and chemical reactivity of 

quinacridone (QD) (1.78), it is important to understand how QD behaves in the solid state 

as well as in solution.  Linear trans-QD, in its most stable crystal polymorp, is H-bonded 

to four other QD moieties.  It is precisely this tight network of H-bonds which is 

responsible for the thermal and chemical stability of QD as well as its poor solubility in 

common organic solvents.  Several attempts have been made to alkylate QD in various 

positions to affect the H-bonding network and ultimately the solubility of the violet solid.  

These papers will be reviewed here.  Following this will be a review of quinacridone 

applications. 
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Chart 1.33.  Compound 1.78 

 

 Although N-alkylation appears to be the obvious choice in preventing H-bonding 

in QD, a number of groups discovered in the early 1990’s that the solubility of QD could 

be increased by functionalizing the outer rings.104,105  When QD is substituted in the 4 and 

11 positions with alkylthio groups (1.79a-d), solubility is increased in several solvents 

including chloroform and ethanol.104  Solubility in ethanol is 200 times greater when N-

alkylation is coupled with the introduction of the 4 and 11 alkylthio groups (1.79e).  The 

authors speculate that this dramatic increase in ethanol solubility is due to the inability of 



 102 

the QDs to H-bond upon N-alkylation.  Although this explanation seems plausible for the 

N-alkylated derivatives, further evidence is needed to determine if substitution at the 4 

and 11 positions without N-alkylation does indeed reduce or eliminate the formation of 

H-bonded aggregates. 
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1.79a: R=C6H13; R'=H

1.79b: R=C8H17; R'=H

1.79c: R=C10H21; R'=H

1.79d: R=C12H25; R'=H

1.79e: R=C8H17; R'=C8H17  

Chart 1.34.  Compounds 1.79a-e 

 

 When substituted QDs (not N-alykylated) are investigated spectroscopically clear 

signs of H-bonding become evident despite an increase in solubility in common organic 

solvents.  De Schryver and co-workers106 synthesized a series of soluble QDs substituted 

at the 2,3,9, and 10 positions with and without N-alkylation in order to ascertain the 

importance of N-alkylation in preventing chromophore aggregation.  Tetraalkylation was 

chosen due to the ineffectiveness of alkylation at the 2 and 9 positions in creating an 

organic soluble QD derivative.105  Only when coupled with N-alkylation do 2,9-

dialkylated QDs become soluble.107 
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1.80b: R=C12H25, R'=CH3  

Chart 1.35.  Compounds 1.80a-b 

 

 To monitor the aggregation of 2,3,9,10-tetraalkylated QD, De Schryver and co-

workers106 used UV/Vis spectroscopy, taking advantage of the spectroscopic properties 

of QD.  When H-bonding occurs in QDs, aggregates give rise to longer wavelength 

absorptions.   The authors found that increasing the concentration of non-N-alkylated 

2,3,9,10-tetra(dodecyloxy)QD (1.80a) in THF gave rise to a new longer-wavelength 

absorption band at 558 nm which they attribute to aggregation of the QD chromophores 

(Figure 1.14).  Clean isosbestic points at 357, 425, and 512 nm are observed.  However, 

the N-alkylated counterpart (1.80b) showed no spectral change with change in 

concentration and resembled in UV/Vis profile the most dilute of the non-N-alkylated 

QDs. 
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Figure 1.14.  Concentration dependant absorption spectra of 1.80a in THF.  The absorption spectra have 
been corrected for concentration and therefore indicate the extinction coefficient.108  

 
 

Switching to lower polarity solvents such as carbon tetrachloride (CCl4) and 

toluene for the non-N-alkylated QDs resulted in temperature dependant aggregates rather 

than concentration; aggregation formation in THF was both temperature and 

concentration dependant.  Even at high concentrations in toluene, increasing the 

temperature from 11 to 80 °C reduced the H-bonding sufficiently to give an absorption 

spectra similar to dilute THF solutions.   Isosbestic points identical to the THF 

concentration study indicate similar phenomenon in both cases.  Triple Fourier Transform 

Infrared Spectroscopy (FTIR) absorbances (corresponding to N-H stretches) at high 

concentrations resembled those of solid unsubstituted QD giving a triple resonance while 

low concentrations gave rise to only a single absorption at 3300 cm-1.  Lyotropic liquid-
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crystalline phases of non-N-alkylated QD were investigated by both polarized 

microscopy and X-ray diffraction.  Three reflections were observed corresponding 

closely to the length of the mesogen (29 Å) and two inter-mesogen distances (5.5 and 3.6 

Å) indicating a high degree of order.  The importance of this work is the suggestion that 

aggregation can be avoided in non-N-alkylated QD solutions if the concentration and/or 

temperature remain low enough.  More importantly, the concentration and temperature 

dependence can be removed (as well as the aggregation) if N-alkylated QDs are 

employed. 

 Further understanding of the role in which substitution pattern plays in 

aggregation becomes apparent when comparing 2,9-dodecyloxyQD (sparsely soluble) 

with 2,3,9,10-tetra(hexyloxy)QD (very soluble).  Both have the same number of carbons.  

However, their solubilities are vastly different, which can be attributed to their 

differences in H-bonding ability.  To investigate whether steric hindrance is responsible 

for reducing H-bonding in the tetraalkylated QD derivatives, De Schryver and 

coworkers108 synthesized a branched 2,9-QD containing the same number of carbons as 

the 2,9-dodecyloxy and 2,3,9,10-tetra(hexyloxy)QDs.  This branched structure (1.81a) 

(48 carbons in substituents) and the 2,3,9,10-dodecyloxy QD (1.80a) (also 48 carbons in 

substituents), and their N-methylated counterparts (1.81b and 1.80b), were probed by 

scanning tunneling microscopy (STM) as well as several spectroscopic methods (UV/Vis, 

fluorescence, IR).  Concentration dependant absorption studies indicate that the branched 

QD (1.81a) has less tendency to aggregate than the tetrasubstituted QD (1.80a).  This 
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indicates that the substitution pattern of QD cannot be directly correlated to aggregation 

ability and that H-bond formation is affected by steric hindrance. 
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Chart 1.36.  Compounds 1.81a-b 

 

Interesting results were obtained when IR spectroscopies of CCl4 solutions were 

obtained.  Using a non-polar solvent like CCl4 at high concentrations assures that any 

QDs in solution are mostly aggregated and are therefore representative of the solid state.  

Specific differences in the N-H stretching region between the branched and 

tetrasubstituted QDs indicate that two different morphologies are occurring.  In the case 

of the tetrasubstituted QD (1.80a), the N-H stretches are similar to the gamma QD crystal 

structure, one of three accepted polymorphs of linear-trans QD.  In this gamma form (B), 

each QD is H-bonded to four other QDs (Figure 1.15).  This H-bonding motif is only 

possible if each QD is in an orthogonal plane to each of the QDs it is H-bonded to.  

However, the branched QD (1.81a) stretches in the N-H region resemble a different 

polymorph of QD, the beta form (A).  In this case, the QDs are arranged in a planar array 

and each QD is H-bonded to only two other QDs.  
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Figure 1.15.  3D depictions of two of the polymorphous structures of quinacridone, (A) beta and (B) 
gamma.108 

 
 

To further support this finding, STM images of a monolayer of branched and 

tetrasubstituted QD on highly ordered pyroltic graphite (HOPG) give intermolecular QD 

distances of 0.66 nm for branched QD (1.81a) and 0.85 nm for tetrasubstituted QD 

(1.80a).  Modeling shows the optimal distance between H-bonded chromophores to be 

0.64 nm which is nearly identical to the 0.66 nm observed for branched QD (1.81a).  The 

conclusion can be drawn that H-bonding leads to linear coplanar ordering in the branched 

QDs (1.81a) but not in the tetrasubstituted QDs (1.81b).  Notably, interchromophoric 

distances for the N, N’-alkylated counterparts to both the branched and tetrasubstituted 

QDs (1.80b and 1.81b) are similar to the 0.85 nm observed for tetrasubstituted QD 

(1.80a).  Several important observations can be made from this work as a whole.  First, 

H-bonding is the major contributor to aggregation (π-π interactions are minor) for both 

types of QDs studied as noted by both the tendency to form aggregates in non-polar 

B A 
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solvents versus polar solvents and by the tendency towards non-aggregation for the N, 

N’-alkylated counterparts.  Secondly, varying only the substitution pattern on the QDs 

can drastically change the types of aggregates that are formed and this is presumed to be 

due to steric effects of the substituents. 

It seems that the logical next step in this sequence of experiments is to use STM 

with its atomic-resolving capabilities to look at N, N’-alkylated QDs to confirm 

spectroscopic results which indicate that N, N’-alkylation does indeed prevent 

aggregation by H-bonding.  Several N, N’-substituted QDs (C6, C16, C22) (1.82a-c) were 

examined by Qiu et al.109 using in situ STM to determine whether 2D structures were 

formed at the HOPG/solution interface.  Saturated phenyloctane droplets of the N, N’-

alkylated QDs (1.82a-c) were placed on HOPG surfaces and examined immediately.  

Longer chain lengths (1.82b and c) give clear striped patterns with the QD cores aligned 

over a long range and interdigitated chains at a 75˚ angle to the core axis.  In the case of 

1.82c, the chains are clearly resolved indicating low mobility and a more stable 2D 

structure (Figure 1.16, C).  The supramolecular structures formed by these long-chain 

QDs (1.82 b and c) are dominated by the intermolecular forces of the chains and not 

necessarily by interactions of the QD cores themselves (although no inter-core 

measurements were made).  The most interesting observation came from the images of 

1.82a (Figure 1.16, A).  Although 1.82a did not form stripes with closely packed QD 

cores, there does appear to be grainlike arrays formed with dots of a length corresponding 

to the QD cores.  However, the chains are not clearly resolved indicating high mobility.  

This indicates that the 2D grainlike structure is not dominated by van der Waals forces of 
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interacting chains.  Other intermolecular forces must be responsible for the 

supramolecular ordering.  Although H-bonding between the N-H bond and the carbonyl 

on an adjacent molecule is not possible here due to N, N’-alkylation, the authors propose 

an alternative H-bond between the C-H bonds on the phenyl rings and the carbonyl of 

another QD.  This type of weak H-bonding interaction is responsible for the ordering of 

1.82a.  These experiments indicate that short-chain N, N’-alkylation of QDs does not 

prevent H-bonding and aggregation of QD cores.  It order to prevent aggregation, 

therefore, it is necessary to alkylate the nitrogens of the QDs with large chains or groups.  

Dendrons are ideal due to their bulky shape.  This forms the basis for our choice of 

dendrons as alkylating agents for QD in order to prevent H-bonding and aggregation of 

the QD cores. 
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Figure 1.16.  In situ STM images: (A) 45 nm x 45 nm (inset 13.5 nm x 13.5 nm) of 1.82a, (B) 13.5 nm x 
13.5 nm of 1.82b, (C) 13.5 nm x 13.5 nm of 1.82c.109 
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1.3.2 Quinacridone solar cells 

 Although for our purposes (OLEDs), the suppression of QD aggregation is 

essential, applications such as solar cells do find use for aggregated materials if the 

supramolecular structure is conductive along the column axis.  Early organic materials 

such as phthalocyanines showed promise in this field which led to exploration of other 

organic compounds.  QDs have been investigated for this purpose as early as 1984 by 

Tomida et al.110  Six different substituted non N, N’-alkylated QDs (1.83a-f) were 

individually dispersed in a polymer binder (polycarbonate and polyester) and sandwiched 

between two electrodes.  Their performance was measured by comparing their power 

conversion efficiencies (n’) both to each other and to phthalocyanine solar cells 

previously fabricated in a similar manner.  Of the six QDs tested, three (1.83a-c) showed 

promising results in terms of n’ (highest was 0.4 % for 1.83b) and three did not (1.83d-f).  

This is somewhat lower then the 2.5 % efficiency observed for previous metal-free 

phthalocyanine solar cells.136  Although the authors drew no conclusions for why some 

QDs performed better then others, QD and its derivatives are known to exist in several 

different crystalline polymorphs,137 some of which are not conducive to charge transport, 

which is essential for good solar cell performance.   

Further improvements on device stability and lifetime were made when a CdS 

layer was added between the ITO and the QD layer to prevent oxidation of the ITO.  

Changing to vacuum deposition of the QD layer versus dispersion in a polymer binder 

also improved the efficiency.111  Additionally, 2,9-dimethyl QD (1.83b) has been used 
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effectively in “three-layer” solar cells (with perylene and free-base phthalocyanines) to 

encompass the 400-800 nm window of the solar spectrum.112 

 

       

N

N

O

OH

H

R1

R1R2

R2

R3

R3

 

 

Chart 1.37.  Compounds 1.83a-f. 

 

1.3.3 Quinacridone doped into Alq3 

 In an attempt to improve the lifetimes and efficiencies of devices, OLED 

researchers are constantly trying to invent different combinations of materials that work 

best.  While the earliest devices were single or double layered,5,6 recently OLEDs can 

contain in excess of five layers.  These layers include, but are not limited to, hole-

transporting layers (HTL), electron-transporting layers (HTL), hole-blocking layers 

(HBL), hole-injection layers (HIL), electron-injecting layers (EIL), and emitting layers.  

However, additional layers can create additional problems, as each interface presents a 

new challenge for electron and hole migration.  Therefore, utilizing fewer layers with 

multi-uses may prove advantageous.  For example, aluminum tris (8-hydroxyquinoline) 

(Alq3) 1.1 has shown to be useful as both an ETL and as an emitting layer.  However, its 

emitting capabilities in the solid state are somewhat poor (Φpl = 0.08 to 0.32)138,139, 

leading Tang et al.138 to dope it with highly fluorescent dye molecules such as DCM1 

(1.4a), DCM2 (1.4b), and coumarin 540 (1.5).  Energy transfer from the Alq3 to the guest 

 R1 R2 R3 
1.83a H H H 
1.83b CH3 H H 
1.83c H CH3 H 
1.83d H H CH3 
1.83e Cl H H 
1.83f H Cl H 
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dopant results in emission solely from the dopant.  More importantly, the new Φpl of the 

doped Alq3 layer (at some optimal dopant concentration) is no longer related to the Alq3 

host Φpl (or the amount of spectral overlap between the host and guest), but closely 

resembles that of the dopant in dilute solution, indicating not only sufficient dispersion of 

the dopant such that non-radiative excimer formation is excluded, but also a quantitative 

energy transfer efficiency between the host and guest.113,114  In this manner, Alq3 can still 

be utilized for its ET capabilities (good ETL are rare) while increasing the PL (and hence 

EL) quantum yield of the emitter without creating new layer interfaces.  Also, color 

tuning is now possible in Alq3 devices and is governed by choice of dopant dye. 

 Quinacridones (QDs) were chosen as guest dopants for Alq3 for both their 

luminescence in the green regime as well as its considerable spectral overlap with Alq3 

fluorescence, a requirement for efficient Förster energy transfer.140,141  Their prolific use 

in OLEDs has led to dramatic improvements in both light output and device lifetime 

compared to those with only Alq3.115-124   However, the amount of QD that can be doped 

into Alq3 devices is limited due to eventual aggregation of the QD dopant causing non-

radiative excimers as well as self-quenching (self-absorption of luminescence).  Self-

quenching is governed by the Förster radius, Ro: if two QD molecules are close enough to 

one another, the emission of one will be absorbed by the other.  Subsequently, there is a 

maximum loading concentration, Cmax, of QD (and N-alkylated QD derivatives) that 

provides sufficient dispersion of the QD in Alq3 to prevent both aggregation and self-

quenching.  The Cmax depends somewhat on the size of the N-alkyl group (larger, bulkier 

groups are better at preventing aggregation and hence allow for a greater loading 
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concentration).  However, typically all Cmax values are between 0.5 and 1.5 mole %, 

indicating that aggregation plays a minor role and self-quenching a major one. 

 The first example of a QD derivative doped into an Alq3 device was given by Shi 

and Tang.125  N, N’-dimethyl QD (1.84a) was doped in concentrations ranging from 0 to 

2.5 mole % and analyzed for luminance lifetimes, output, and electroluminescent (EL) 

efficiency (ηel) .  A Cmax of 0.80 % was found to give half-lives (T1/2) nearly twice that of 

the undoped device (Table 1.2).  Luminance output and ηel were nearly triple that of 

undoped Alq3.  Interestingly, when comparing Alq3 devices that are either undoped, 

doped with 0.80 % N, N’-dimethyl QD, or doped with 0.80% QD (not N-alkylated), stark 

differences are seen for the unalkylated QD devices.  For instance, where devices doped 

with N, N’-dimethyl QD exhibited T1/2 of 7500 hrs, those with unalkylated QD showed 

only 500 hrs for their T1/2.  Even undoped Alq3 devices outperformed unalkylated QD 

ones, with a T1/2 of 4200 hrs.  Other parameters such as initial luminance output and EL 

spectra are quite similar, leading the authors to conclude that aggregation caused by H-

bonding is detrimental to device success. 

Table 1.2  Output of Alq3 doped devices with increasing DMQA concentration.125 

       
DMQA % in Alq3 0.00 0.26 0.40 0.80 1.40 2.50 
Lum. output (cd/m2) 518 1147 1322 1462 1287 1027 
Efficiency (cd/A) 2.59 5.74 6.61 7.31 6.44 5.14 
T1/2 (h) 4200 7335 7500 7340 5450 3650 

  

 Doping N, N’-diethyl QD (1.84b) into Alq3 or Almq3 (tris-(4-methyl-8-

hydroxyquinolinato) aluminum devices reveals interesting information when comparing 
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Φpl and ηel.113,114  Although, as mentioned previously, the Φpl appears independent of the 

host and only dependant on the Φpl of the guest, choice of host material does seem to 

affect the ηel.  For example, devices in which the host was imbedded in Alq3 gave 

maximum ηel of 2.4 % while those in Almq3 devices reached 2.7 %.  There were also 

small differences in concentration of dopant leading to the different maximum ηel in each 

host.  The authors speculate that the ηel differences are due to differences in transport 

properties of the hosts, which in turn affects the creation of host excitons that are 

transferred to the guests. 
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Chart 1.38  Substituted quinacridones.  

 

 Doping Alq3 with 4,11-diisopropyl QD (1.84c) was achieved by Wakimoto et 

al.126,127 and showed improvements in T1/2 over that of unsubstituted QD dopants.  

Although by leaving the nitrogens of QD unalkylated, H-bonding remained possible, the 

bulkiness offered by the isopropyl groups limited the amount of H-bonding that could 

occur leading to improved device performance.  This led to the idea of using bulky 

groups and N-alkylation to produce a non-aggregating QD.  Armstrong and 

coworkers128,129 chose to substitute QD with diisoamyl groups for solubility and steric 

reasons.  They used this QD dye, N, N’-diisoamylquinacridone (DIQA) (1.84d), as a 
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dopant in both Alq3 and Al(qs)3 (a sulphonamide derivative of Alq3) devices.  When 

comparing PL versus the EL response to the quenching of Alq3 by DIQA, it is evident 

that while DIQA eventually quenches excited Alq3, complete quenching happens at lower 

DIQA concentrations when electrical excitation is employed (EL) rather then optical 

excitation (PL).  This indicates that less DIQA is required to quench all the excited Alq3 

molecules when measuring EL versus PL.  This strongly indicates that there is some 

degree of charge transfer (CT) occurring in the device in addition to energy transfer 

(EnT).  This was confirmed by electrochemistry and chemiluminescence studies 

performed on all the individual device components (i.e. host, guest, HTL, etc.), the 

culmination of which is summarized in the series of pathways below (Figure 1.17).  In 

addition to EnT from the host Alq3 or Al(qs)3 to DIQA, there are several additional 

pathways made available by CT, including cross reactions and triplet-triplet 

anhilations.130,131  This theory of both ET and CT mechanisms leading to EL from QD 

doped Alq3 devices has been refuted by Kundu et al.132  The authors claim that based on 

time-resolved fluorescence measurements (optical excitation), Förster energy transfer is 

the only pathway available for quenching of Alq3 molecules by unsubstituted QD.  They 

used fluorescence decay curves to estimate the Förster radius as 26Å which happens to be 

the same value achieved when the Förster radius is calculated from the spectral overlap of 

the Alq3 PL and the QD absorbance.  They further speculate that if there was efficient 

energy migration among Alq3 molecules, then the Förster radius estimated from 

fluorescence decays would be larger then that calculated utilizing spectral overlap.  
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However, it is unclear in their work how they are able to rule out CT as a mechanism in 

EL since only optical excitation was used to probe the energy transfer pathways. 
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Figure 1.17  ET and CT pathways leading to emission in Alq3 device doped with DIQA.128,129 

 

Although so far only those devices in which QD derivatives have been doped in 

small amounts into Alq3 devices have been discussed, devices in which QD exists as a 

single layer (undoped) have been constructed by Cho et al.133 and their efficiencies 

compared with doped ones.  As is expected, doped devices achieved higher luminescence 

efficiencies then the undoped ones due to aggregation forming non-radiative excimers.  

In fact, when comparing the doped and undoped EL spectra, there are dramatic 

differences.  While the doped device exhibits a sharp EL spectrum resembling QD 

emission, the undoped devices broad blue-shifted spectrum is similar to an Alq3 device 

without QD present in any fashion.  This indicates that the ability of excitons formed in 

Alq3 to diffuse across the Alq3/QD interface is problematic. 
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1.3.4 Other quinacridone applications 

 Other non-OLED applications for QD have emerged recently.  However, these 

applications still utilize QD’s fluorescence properties.  Klein et al.134 have created 

fluorescent metal sensors by N, N’-alkylating QD with alkyl chains varying in length and 

terminated by ethylenediamines, capable of forming 2:1 complexes with metal ions such 

as Cu, Ni, and Co (Scheme 1.3).  When the metals become complexed to the 

ethylenediamines in a single QD molecule, the metal chelate is brought into close 

proximity to the QD and the QD fluorescence is quenched by energy transfer.  

Fluorescence titration curves indicate 1:1 complexation between the metal and QD. 
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Scheme 1.3  Fluorescent metal sensors based on QD.134 

 

 More recently, Smith et al.135 are hoping to utilize the long fluorescence lifetimes 

of quinacridones to study biological systems.  Because background fluorescence from 

biological molecules often interferes with the fluorescence of the labeling molecule, 

recent techniques involving fluorescence lifetime have been developed, such as confocal 

fluorescence lifetime imaging microscopy (FLIM).142  QD and alkylated QDs have 

lifetimes of around 22 ns107 which makes them ideal candidates as reporters in 
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fluorescence lifetime detection of biological systems.  QD actually shows marked 

improvements over fluorescein for fluorescence lifetime studies in resistance to both pH 

changes, which is important for biological systems, and photobleaching, which is 

imperative for lifetime studies.  QD has been sulphonated at the 2 and 9 positions to 

make it water soluble and subsequently attached via a succinamydal ester to the 

neuroprotein substance P for future lifetime studies. 

 

1.4 Aim and Scope of Thesis 

 Quinacridones (QDs) are small-molecule dopants for use in organic light emitting 

diodes (OLEDs).  When doped in small amounts (less than 2 %) into Alq3 layers, the 

resulting devices show improvements in both luminescence output efficiency and device 

lifetime.  QDs tendency towards aggregation through H-bonding and π-π interactions, as 

well as its ability to self-quench, limits the amount of QD that can be doped into devices 

and hence limits the amount of light produced.  Through N-substitution of QD with a 

variety of dendrons, we aimed to increase the amount of QD emitter that can be doped 

into Alq3 devices to such an extent that QD can exist as a single layer in a device rather 

then as a dopant.  We have taken several approaches towards achieving this goal. 

 In the initial phase of this project, we sought to N-alkylate QD with increasing 

generations of benzyl aryl ether dendrons (Scheme 1.4).143  In doing so, we were able to 

decrease aggregation by both H-bonding and π-π stacking as well as increase solubility in 

common organic solvents so that spin-casting could be utilized to make thin films.  

Additionally, if large enough dendrons were employed such that the distance between 
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any two QD cores was larger than the Förster radius, energy transfer between an excited 

and ground state QD (self-quenching) was dramatically reduced.  Tert-butyl dendrons 

provided additional solubility if used in place of benzyl terminated ones.144 
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Scheme 1.4  Dendritic quinacridones. 

 

 Once we had shown that site-isolation of chromophores could be achieved by 

dendron substitution, we aimed to produce light-harvesting dendrimers which utilized the 

same benzyl aryl ether scaffold, but placed higher energy light-harvesting groups (high 

molar absorptivity, ε) at the periphery of the dendrons (Chart 1.39).  When excited, these 

periphery chromophores transfer energy to the QDs at the core from which emission 

ensues.  We chose short oligomers (3 rings) of poly (para-phenylene vinylene)s (oPPVs) 

as the light harvesters for both their energy transfer and hole-transporting properties.  In 
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order to prevent aggregation of the oPPVs at the periphery, we alkylated the outermost 

ring with 2-ethylhexyl groups.  oPPV groups provide emission spectra that overlap with 

DIQA absorbance and hence were appropriate as a host/guest pair.  We also wanted to 

compare our dendrimers with their linear analogues and therefore aimed to synthesize 

poly (methyl methacrylate) (PMMA) containing a small percentage of oPPV on flexible 

sidechains.  These polymers were incorporated into films with the t-butyl dendrimers 

synthesized in the first part of the project to determine whether the dendrimer architecture 

was necessary for efficient energy transfer. 
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Chart 1.39.  Host/guest light-harvesting oPPV/quinacridone dendrimers 

 

 The third and final phase of the project involved the use of cross-linkable 

dendrons substituted onto QDs (Scheme 1.5).  We chose cinnamate ester groups 

substituted on the periphery of benzyl aryl ether dendrons because of their ablility to 
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photocrosslink.145  By substituting QDs with the cross-linkable dendrons, we created 

dendrimers that could be spun-cast and photo cross-linked to anchor the dendrimers to 

the film such that they could not be removed by solvent washing.  This type of film-

stabilization is useful in devices when spin-casting is used to build up layers.  Each layer 

deposited is vulnerable to dissolution by the solvent in the subsequent layer.  Therefore 

creating layers that are solvent resistant is desirable. 

These projects will be discussed in detail in the following chapters. 
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Scheme 1.5  Crosslinkable quinacridone dendrimers. 
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2. Site Isolation of Quinacridone in Poly(aryl ether) Dendrimers 

 

2.1 Introduction 

2.1.1 Site isolation of chromophores 

Nature’s priniciple of site isolation allows proteins to protect their active redox 

sites so that they can perform the necessary functions that are essential for the 

continuation of life’s processes.  This concept can be logically extended to synthetic 

macromolecular spherical structures, like dendrimers, in which the dendritic shell 

envelops and shields its active core moiety.1  In this way, photoactive moieties 

incorporated into the dendritic structure become physically and electronically isolated 

from one another, which can prevent detrimental processes such as self-quenching and 

excimer formation.  Dendrimeric systems of this nature will be reviewed here. 

2.1.1.1 Non-linear optical dendrimers 

 Recently, dendrimer site isolation has been used as a tool in the construction of 

materials with large macroscopic electro-optic (EO) activities (r33) arising from the high 

molecular hyperpolarizability (β) of individual non-linear optical (NLO) chromophore 

components.2-7  Although research involving the incorporation of  EO units into polymers 

is extensive,8 problems arise when the polymers are poled by an electric field due to 

electrostatic interactions between the NLO chromophores containing large dipoles which 

decrease the r33 value.  Large dipoles are a necessary component for the non-

centrosymmetric alignment of the chromophores, which is responsible for high r33 values.  

Bulky side groups can alleviate some of the interactions, but to truly isolate the 
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chromophores from one another, alternatives have been suggested in the form of 

dendrimers.  By using dendrimers, multiple chromophores can be incorporated into one 

dendrimer while still allowing for site isolation of the chromophores, due to their inability 

to reorganize in the dendrimer manifold. 

Jen and coworkers have synthesized dendrimers of varying architecture as well as  

dendronized polymers for NLO applications.  Simple encapsulation of a single 

phenyltetracyanobutadienyl thiophene-stilbene chromophore within a fluorinated 

dendrimer (2.1) demonstrated improved thermal stability and lower optical loss, both of 

which are features of the additional C-F bonds introduced by the dendrons.6  Poling 

experiments provided evidence of site isolation of the chromophores; the chromophore 

encapsulated in the dendrimer 2.1 shows a three-fold higher r33 value then the bare 

chromophore 2.2.  The globular nature of the dendrimer provides an ideal shape for NLO 

chromophores.9 
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Chart 2.1  NLO chromophore with (2.1) and without (2.2) fluorinated dendrons.6 

 Additional work with NLO dendrimers provided evidence that the dendritic 

architecture allows for multiple chromophores to be incorporated into a single dendrimer 

while still preventing aggregation, hence, effectively site isolating chromophores from 

one another.  Dendrimers were synthesized containing three3 or four4 phenyl-

tetracyanobutadienyl thiophene-stilbene chromophores emanating from a central core, 

and crosslinkable trifluorovinyl ether terminated dendrons on the periphery (Chart 2.2).  

When crosslinked at 150 °C and then poled by an electric field, the dendrimers 

containing three NLO chromophores showed an r33 value double that of the bare NLO 

chromophore (loaded into high-temperature polyquinoline) and greater stability over 

time.  More importantly, when a similar dendrimer without the crosslinkable groups at 

the periphery of the dendrimer was poled, a rapid decay of the E-O signal was observed 
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pointing to the significance of the crosslinking step.  Trifluorovinyl ether groups have 

been shown to cyclize in a regioselective head-to-head fashion when heated higher than 

150 °C to yield >95 % of 1,2-disubstituted  hexafluorocyclobutanes.10   
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Chart 2.2  Crosslinkable NLO dendrimer. 

 

Jen and coworkers5 have also used dendronized polymers as a way to site isolate 

NLO chromophores.  Polymerization offers a facile route to incorporate NLO 
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chromophores since they are synthesized in a fewer number of steps then dendrimers.  

However, polymers alone are not effective site isolaters and post-polymerization 

functionalization becomes necessary to incorporate bulky dendrons.  Linear poly(4-

vinylphenol) (Mw ~ 20,000) was esterified consecutively with a crosslinkable 

trifluorovinyl ether containing acid moiety and a dendronized NLO chromophore acid 

segment to afford a crosslinkable, dendronized copolymer 2.3.  When compared to 

polymer 2.4 simply containing the NLO chromophore without either dendrons or 

crosslinkable groups, r33 values nearly 2.5-fold higher are achieved in 2.3 compared to 

2.4.  This provides direct evidence that the dendron segments provide effective site 

isolation of the NLO chromophores.  Interestingly, the authors did not take advantage of 

the crosslinkable nature of polymer 2.4 as they only poled the polymers at 95 °C, which 

is lower than the temperature required to achieve crosslinking (150 °C).   
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Chart 2.3  NLO dendronized crosslinkable polymer and NLO chromophore polymer. 

 

2.1.1.2 Dendronized polymers – site-isolation of polymeric backbone 

The need for dendritic encapsulation of conjugated polymers arises from polymer 

ordering in the solid state, thus giving rise to low quantum yield (Φfl) values due to 

excimer formation and fluorescence quenching.11  However, dendron segments must be 

carefully chosen so that they solubilize the polymer without affecting the reactivity of the 

monomer groups with their inherent steric bulk.  Therefore, an optimum dendron size 

exists which satisfies both the requirements for increasing solubility and photophysical 
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properties as well as maintaining the monomer reactivity.  Although there are several 

examples of dendronized polymers made by coupling dendritic monomers,12 few have 

been used for site isolation purposes.13-15  Initial work in this area involved synthesizing 

dendronized poly(phenyleneethynylene) (PPE) to improve polymer solubility and 

processibility, and subsequently inhibit aggregation and excimer formation.13  

Polymerization was achieved by coupling methoxy-terminated benzyl (aryl ether) 

dendronized segments ([G1] – [G3]) of diethynylbenzene with 1,4-diiodobenzene 

yielding polymers 2.5-2.7.  These materials possessed vastly differing molecular weights 

and polydispersities (Scheme 2.1) as a result of their differing generations of dendrons.  

The highest molecular weight polymer 2.6 (Mw of 280000) was formed when [G2] 

dendrons were affixed (optimal dendron size).  [G1] dendrons did not sufficiently 

solubilize the polymer and hence precipitation occurred at earlier stages of the 

polycondensation to yield low molecular weight polymer 2.5 (Mw of 11000).  [G3] 

dendrons, on the other hand, generated steric crowding around the reactive group and 

hence polymerization was much slower to yield polymer 2.7 with only moderate 

molecular weights (Mw of 34000). 



 129 

I I+

[Gn]

[Gn]

m

[Gn]

[Gn]

O

O

O

2n – 1

2n

OCH3

OCH3

[Gn] =

2.5: n = 1
2.6: n = 2
2.7: n = 3

 

Scheme 2.1  Dendron encapsulated PPE.13 

The ability of the dendrons to effectively encapsulate the linear polymer and 

prevent self-quenching was studied by monitoring the fluorescence quantum yield, Φfl, 

with increasing concentration (Figure 2.1).13  At dilute concentrations, all three 

generations of dendronized polymers 2.5-2.7 exhibit high Φfl, although particularly 

remarkable are the quantitative Φfl observed for the higher generations.  As concentration 

increases, only the [G3] polymer 2.7 retains a near quantitative Φfl, while both of the 

lower generations begin to show a decrease in Φfl.   Effective site isolation of the 

conjugated PPE backbone is therefore achieved at all concentrations of [G3] polymer 2.7.  
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Figure 2.1  Fluorescence quantum yields (Φfl) of polymers upon excitation into the polymer backbone in 
THF versus absorbances at the excitation wavelength (A) [G1] polymer 2.5, (B) [G2] polymer 2.6, (C) 
[G3] polymer 2.7.13 

 
 

 Similar examples of insulation were achieved when discrete conjugated wires 

were encased in dendritic envelopes (Scheme 2.2).14  In this case, fluorescence quantum 

yields were measured for solutions of varying concentrations and varying backbone chain 

lengths.  For the [G3] dendronized polymer, high Φfl (80-90 %) were obtained regardless 

of concentration or chain length indicating that the [G3] dendron successfully site isolates 

all molecular lengths.  Here, like the previous example, the [G1] polymer showed 

decreasing Φfl with increasing concentration.  This decrease in Φfl was augmented at 

higher chain lengths (m ≥ 8).  For the [G3] polymer, interactions between neighboring 

dendrons might be responsible for the apparent planar conformation adopted by the 
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polymer backbone which allows for the retention of conjugation and is thus responsible 

for the high Φfl values.  Fluorescence depolarization experiments support a planar 

conformation (and fully conjugated backbone) by showing decreased fluorescence 

anisotropy (and hence increased depolarization) as molecular length increases, indicating 

that at higher chain lengths, excitons are able to migrate farther. 
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Scheme 2.2  Dendritic discrete conjugated wires.14 

 

2.1.1.3 Site-isolation of a single chromophore at the core of a dendrimer 

One of the ways in which site-isolations can be evaluated when investigating 

dendrimers with active core chromophores is through an increase in fluorescence 

quantum yield, Φfl, which indicates a reduced amount of self-quenching (in addition to 
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reduced excimer formation).  Meier and coworkers16 measured the Φfl for a series of 

anthracene-cored dendrimers 2.10-2.12 and found that as dendrimer generation increased, 

the Φfl increased by a factor of 2.24 for 2.11 and by 2.57 for 2.12 when compared to 

unsubstituted anthracene.  These results indicate an increase in site isolation with 

increasing generation. 
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Chart 2.4  Anthracene-cored dendrimers.16 

 

 Polyphenylene dendrimers have also been used to site isolate chromophores.17  

Although the dendrons appear conjugated, the benzene rings are in fact twisted out-of-

plane with respect to each other due to steric crowding, disrupting conjugation.  These 
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dendrons, therefore, act as bulky groups which can site isolate a large dye such as 

perylene diimide even with first generation dendrons (see Chart 1.26 for [G4]).  Although 

the fluorescence quantum yields, Φfl, in solution decrease with increasing generation (and 

are all lower than the Φfl of the unsubstituted dye), a significant (~20 nm) blue shift in 

both solid-state absorption and emission indicates that excimer formation is considerably 

lessened by encapsulation of the chromophores in a dendrimer matrix.  

Lanthanide-cored dendrimers have been synthesized by Kawa and Fréchet18 for 

the specific purpose of site isolation.  Lanthanides are known to emit in the near-infrared 

region making them useful for fiber optics, but aggregation reduces observed emission 

due to self-quenching.  By coordinating a single lanthanide cation (Er3+, Eu3+, Tb3+) with 

three benzyl(aryl ether) dendrons possessing carboxylate focal points, intense emission is  

restored due to the site isolation of the lanthanides by the dendrons.  This was 

demonstrated in several cases with dendrons attached to a 3,5-disubstituted benzoic acid 

focal point (Scheme 1.1).  However, much lower emission was observed when the 

isomeric 2,5-disubstituted focal point was employed.  It is not known whether this 

decrease can be attributed to an electronic effect or a conformational one.  The 

enhancement in luminescence in the 3,5-disubstituted case occurs in a sensitized way: 

dendrons are excited resulting in primarily lanthanide emission.  The site isolation of the 

lanthanides by the bulky dendrons generates the increase in luminescence intensity. 

 Fréchet and coworkers19,20 have achieved chromophoric site-isolation by 

dendronization of two different dyes, coumarin 343 (blue emitter) and a pentathiophene 

(green emitter) (second generation dendrimers shown in Chart 1.22).  The need for two 
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dyes arises if multicolor OLEDs are desired.  In order to prevent the lower energy dye 

from quenching the higher one, the two chromophores must be spaced apart at a distance 

greater than their Förster radius (3.8 nm).  Additionally, the chromophores must be 

separated from each other to avoid self-quenching.  Placing dyes at the cores of 

dendrimers can achieve both of these goals if the generation size is large enough.  

Experiments involving the mixing of the different dyes in 1:1 or 5:1 ratios of coumarin 

343 to pentathiophene established the dendrimer size necessary to retain coumarin 343 

emission in the presence of the lower energy pentathiophene.  It was determined that fifth 

generation pentathiophene and fourth generation coumarin 343 cored dendrimers were 

needed to achieve site isolation (from themselves and one another).  The need for a 

higher generation pentathiophene dendrimer arises from its elongated shape which 

requires increased bulk to envelop the chromophore.  However, it should be noted that 

there still existed some enengy transfer from the coumarin 343 to the pentathiophene 

even in high generation dendrimers, most likely due to the large Förster radius between 

the two dyes.   

 

2.1.2 Research goals 

It is the goal of this research project to provide site isolation to quinacridone by 

encapsulating quinacridone within a dendrimer.  Quinacridone’s tendancy to aggregate in 

the solid state via hydrogen bonding as well as its self-quenching of the excited state (due 

to a small Stokes shift) limits its capabilities in OLED technology (more detail and 

references in Section 1.3).  Therefore, it is necessary to insulate the quinacridone core to 
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prevent both aggregation and self-quenching.  Aggregation and self-quenching are 

expected to decrease with increasing dendrimer generation.  N,N-Disubstitution of the 

quinacridones with bulky dendrons will also prevent hydrogen bonding and result in a 

concomitant increase in solubility in common organic solvents, thus making it possible to 

spin-cast films.  Simple benzyl(aryl ether) dendrons (benzyl terminated21 and tert-butyl 

terminated22) will be employed due to synthetic ease.   Site-isolation will be monitored by 

UV/Vis and emission spectroscopy as well as electrochemistry. 

 

2.2 Synthesis of quinacridone-cored dendrimers 

2.2.1 Synthesis of benzyl(aryl ether) quinacridone dendrimers 

Initial attempts to N,N’-dialkylate quinacridone with benzyl-terminated 

dendrons21 followed previous work performed by Shaheen et al.23 in which sodium 

hydride (NaH) was used to remove the N-proton.  Deprotonation with NaH in 

dimethylformamide (DMF) was followed by addition of the dendritic bromide.21  The 

reaction required heating (80 °C) for several hours (> 24) as ambient temperature resulted 

in no product formation, as observed by thin layer chromatography (TLC), presumably 

due to the poor solubility of quinacridone.  Even with heat and anhydrous conditions, the 

reaction still proceeded slowly and in poor yield.  In fact, only reactions with the lowest 

generation [G1] afforded any disubstituted product, while higher generations [G2] and 

[G3] resulted in predominantly monosubstitution.  As a result, different reaction 

conditions were examined.  Following a procedure by Pushkina et al.24 the base was 

changed to a solution of sodium hydroxide (NaOH, 50 % aqueous) with toluene as the 
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solvent.  Addition of a phase transfer catalyst, tetrabutylammonium iodide (TBAI), was 

necessary for alkylation to occur using the heterogeneous conditions.  Yields were 

initially moderate for 2.13 (41 %) but increased with increasing generation up to 92 % for 

2.15 (Scheme 2.3) as solubility increased. 
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Scheme 2.3  Synthesis of quinacridone dendrimers 2.13-2.19 by (a) NaH, DMF, 80 °C or (b) 50 % aq. 
NaOH, toluene, TBAI, 80 °C. 

 
 
 
 However, the solubility of 2.13-2.15 was still limited: only halogenated solvents 

such as dichoromethane (CH2Cl2) and chloroform (CHCl3) were effective at solubilizing 

2.13 ans 2.14.  In particular, compound 2.14 was the least soluble, leading initially to 

questions of purity (perhaps it was indeed monosubstituted).  However, structural 

characterization by proton nuclear magnetic resonance spectroscopy (1H NMR) and gel 

permeation chromatography (GPC) revealed that 2.14 was indeed disubstituted and pure.  

The specific cause of the insolubility of 2.14 remains unclear.  Dendrimer 2.15 was 

soluble in additional solvents such as tetrahydrofuran (THF), dimethylformamide (DMF), 
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dimethylsulfoxide (DMSO), and N-methylpyrolidinone (NMP).  However, for the series 

as a whole further modifications to the dendrimer structure would be necessary to impart 

greater solubility on the quinacridone moieties. 

2.2.2 Synthesis of tert-butyl terminated benzyl(aryl ether) quinacridone dendrimers 

In order to further solubilize quinacridone, the focus was shifted to the 3,5-di-t-

butylbenzyl ether terminated dendrons whose synthesis was previously reported by Zeng 

et al.22  By switching to these dendrons, we hoped to provide the quinacridone with both 

increased solubility in a broader range of organic solvents as well as additional bulk for 

surrounding the core and preventing aggregation.  Following the aforementioned 

procedure, NaH in DMF was coupled to quinacridone using the lowest generation 

(tBu[G1]) to afford 2.16.  However, switching to the heterogeneous conditions24 provided 

better yields of the disubstituted product in higher generations 2.17-2.19.  Similar to the 

benzyl-terminated dendronized quinacridones, yields were moderate to good. 

 Solubility of the t-butyl-terminated dendrimers 2.16-2.19 was much improved 

over the benzyl-terminated dendrimers 2.13-2.15.  Specifically, an increase in the variety 

of possible solvents was observed as generation increased, which is seen in Table 2.1.  In 

fact, 2.18 and 2.19 were soluble in nearly every organic solvent that was sampled. 

Table 2.1  Quinacridone dendrimer solubility in organic solvents. 

Dendrimer Solvent 
[G1], 2.13 CH2Cl2, CHCl3 
[G2], 2.14 CH2Cl2, CHCl3 
[G3], 2.15 CH2Cl2, CHCl3, THF, DMF, DMSO, NMP 

t-Bu[G0], 2.16 CH2Cl2, CHCl3 
t-Bu[G1], 2.17 CH2Cl2, CHCl3, THF, NMP, EtOAc 
t-Bu[G2], 2.18 CH2Cl2, CHCl3, THF, NMP, EtOAc, DMF, acetone, Et2O 
t-Bu[G3], 2.19 CH2Cl2, CHCl3, THF, NMP, EtOAc, DMF, acetone, Et2O 



 138 

 

 Purification of the t-butyl dendrimers 2.16-2.19, albeit much more facile than the 

benzyl terminated ones 2.13-2.15, proved difficult, with multiple chromatographic 

separations being required.  However, once pure, the dendrimers were precipitated to 

yield an orange solid.  Typically the precipitation was done into an excess of methanol 

(CH3OH) from a highly concentrated CH2Cl2 solution.  However, adjustments were 

necessary for some of the dendrimers. 

 

2.3 Structural characterization of quinacridone-cored dendrimers 

2.3.1 1H NMR characterization 

All dendrimers 2.13-2.19 were thoroughly characterized by 1H NMR in 

deuterated chloroform (CDCl3) with tetramethylsilane (TMS) as an internal standard, 

except for 2.14 which required deuterated DMSO (DMSO-d6) due to insolubility in 

CDCl3.  Five characteristic quinacridone peaks representing the ten C2-symmetric protons 

on the middle and outer rings (Chart 2.5) were observed in all spectra.  The absence of a 

N-H proton at ~11 ppm provided clear indication that dendrimers 2.13-2.19 were 

disubstituted (versus monosubstituted). 
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Chart 2.5  Proton-labeling of symmetrical quinacridone. 
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 Concentrations of NMR samples were kept low (~1 mg/mL) to prevent partial 

peak broadening in all cases.  As a result of these dilute conditions, 13C NMR spectra 

were never obtained as even long experiment times (>12 hours) provided only a few 

peaks that were attributed primarily to the dendrons and not the quinacridone core. 

2.3.2 Gel permeation chromatography (GPC) 

All dendrimers were characterized by GPC (gel permeation chromatography) to 

determine both material purity and relative molecular weight as compared to polystyrene 

standards.  The results of the GPC analysis of the t-butyl series 2.16-2.19 are shown in 

Figure 2.2 with normalized peak heights as well as corrected baselines at 25 minutes.  All 

traces appear Gaussian with a small amount of tailing as the compound finishes eluting, 

thus indicating strong interactions between the stationary phase and the dendrimer.   

 



 140 

 

Figure 2.2 Normalized GPC traces of t-butyl dendrimers 2.16-2.19. 

 

 As expected, each subsequent dendrimer generation is approximately twice the 

molecular weight of the previous one.  The molecular weight of a monosubstituted 

dendritic quinacridone can be approximated to that of the previous generation 

disubstituted product (see Table 2.2).  Using these simple approximations and assuming 

that the hydrodynamic volume is comparable for similar molecular weights, then we can 

conclude that the dendrimers 2.16-2.19 contain only disubstituted quinacridone as there 

are no other eluting peaks at longer retention times than the dendrimers themselves.  

However, there does appear to be a slight amount of material that elutes prior to the 

dendrimer in 2.18 and 2.19.  However, mass spectrometry (MALDI - dithranol matrix) 

does not reveal any higher molecular weight fragments which indicates that any higher 

molecular weight components found in the GPC must be due to some type of 
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intermolecular association rather than covalent bonds.  Aggregation in only the higher 

generations (2.18 and 2.19) seemed rather unlikely and furthermore, the 1H NMR for 

these compounds 2.13-2.19 did not indicate any impurities present; no unidentifiable 

peaks were observed. 

 

Table 2.2 Molecular weights of mono- and disubstituted quinacridone dendrimers 2.13-2.19. 

Dendrimer Disubstituted MW (g/mol) Monosubstituted MW (g/mol) 
[G1], 2.13 917.05 614.69 
[G2], 2.14 1766.03 1039.18 
[G3], 2.15 3463.98 1888.15 

t-Bu[G0], 2.16 716.99 514.66 
t-Bu[G1], 2.17 1365.90 839.12 
t-Bu[G2], 2.18 2663.73 1488.03 
t-Bu[G3], 2.19 5259.38 2785.85 

 

These GPC measurements were collected using an older three-column Jordi 

system (polydivinylbenzene – 500Å, 1000Å, 10000Å) and a refractive index detector.  

Additional GPC analyses were performed on a newer three-column Jordi system (same 

components and pore sizes) using both a refractive index and photodiode array detector.  

The resolution of the newer columns was far superior to the earlier ones and the GPC 

traces showed that all of the quinacridone dendrimers, not just the later generations 2.18 

and 2.19, contained higher molecular weight impurities.  These results were not 

surprising since elemental analysis of 2.13-2.18 indicated that these compounds were not 

analytically pure.  Thin layer chromatography in a multitude of solvent systems did not 

indicate that the higher molecular weight impurities could be separated by normal 

chromatographic methods, and thus, the dendrimers 2.13-2.19 were used in their impure 
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state for all characterization that follows.  The impurity is not substantial, and remains < 

5% for all dendrimers.  As to the nature of the impurity, it has been speculated to arise 

from additional C-alkylation of the dendron onto the quinacridone in an electrophilic 

aromatic substitution reaction.  This “over-alkylation” impurity has been seen by our 

group in a variety of SN2 Williamson ether couplings as well as in Mitsunobu reactions 

and is often only removed by recrystallization.  The impurity is often difficult to identify 

in by NMR spectroscopy.  However, occasionally additional methylene peaks which are 

attached to the ether oxygen are present (for example, if the methylene peak is a doublet, 

an additional small doublet is observed upfield).  These were not observed in the 

quinacridone dendrimer cases.  In the quinacridone dendrimers 2.13-2.19, purification by 

precipitation was not successful in eliminating the impurity.  The C-alkylation impurity 

has been hypothesized to be a consequence of the high temperature (80 °C) required for 

the heterogeneous conditions,24 which have been demonstrated as necessary for 

quinacridone deprotonation.  Changing conditions to KOH/DMSO at 55 °C proved 

successful in eliminating C-alkylation in other quinacridone dendrimers presented in 

Chapters 3 and 4.  It is assumed that these conditions would also be successful for the 

synthesis of the dendrimers presented here. 

2.3.3 Mass spectrometry (MS) and elemental analysis 

All dendrimers 2.13-2.19 were characterized by matrix assisted laser 

desorption/ionization (MALDI) MS in a dithranol matrix.  MALDI can be considered as 

a “soft” ionization technique designed for use with macromolecules (such as proteins) to 

reduce the amount of fragmentation, and because of this, few peaks were observed in the 
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MS analyses of the dendrimers 2.13-2.19.  However, for at least five of the dendrimers 

2.13-2.17, there was an observed peak corresponding to the loss of a single dendritic arm 

(leaving a monosubstituted quinacridone fragment).     

 Elemental analysis was performed for C, H, and N on dendrimers 2.13-2.18.  Due 

to the impurity problems reported in the previous section (GPC), the dendrimers could 

not be considered analytically pure.  Although these results could also be due to solvent 

molecules trapped between the dendrimers, the discrepancy most likely arises from trace 

amounts of the higher molecular weight impurities mentioned above. 

 

2.4 Photophysical characterization of quinacridone-cored dendrimers 

Photophysical characterization of the dendrimers 2.13-2.19 was performed in 

collaboration with Ware H. Flora, a graduate student in the laboratory of Neal R. 

Armstrong, and results have thus been presented in previous work.25 

2.4.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy  

UV/Vis and PL spectroscopy was performed on solutions of dendrimers 2.13-2.19 

to elucidate the following data: (a) molar absorptivity, ε; (b) tendency towards 

aggregation; (c) quantum yield, Φfl; and (d) effect of dendron substitution on 

quinacridone λmax (both absorbance and photoluminescence).  The quantitative results of 

these studies are shown in Table 2.3.  
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Table 2.3  Photophysical characterization data for DIQA and dendrimers 2.13-2.19.25 

 
Dendrimer 

MW 
(g/mol) 

λmax, Abs  
(nm) 

10-4 ελmax 
(M-1 cm-1) 

λmax, PL 

(nm) 
 

Φ fl
a 

DIQA, 1.84d 452.59 524 1.79 537 0.85 
[G1], 2.13 917.05 512 1.70 527 0.88 
[G2], 2.14 1766.03 513 1.38 528 0.84 
[G3], 2.15 3463.98 513 1.63 528 0.91 

t-Bu[G0], 2.16 716.99 514 1.71 529 1.00 
t-Bu[G1], 2.17 1365.90 512 1.65 527 0.97 
t-Bu[G2], 2.18 2663.73 512 1.59 526 0.99 
t-Bu[G3], 2.19 5259.38 513 1.78 526 1.00 
 
a measured versus a fluorescein standard (Φfl = 0.95) in a 0.1 M NaOH aq. solution 
  

The molar absorptivity at the maximum quinacridone absorbance wavelength 

(ελmax) of the dendrimers 2.13-2.19 is shown in Table 2.3.  This quantity was calculated 

using the Beer’s Law equation (eq. 2.1) which can be rearranged to solve for ελmax (eq. 

2.2) 

A = εcb                                                (eq. 2.1) 

  

! 

" =
A

cb
                  (eq. 2.2) 

where A is the absorbance at the maximum wavelength of quinacridone, c is the molar 

concentration of the dendrimer in CHCl3, and b is the sample pathlength.  A 

representative Beer’s Law plot (dendrimer 2.13) is shown in Figure 2.3 in which cb is 

plotted on the x-axis and A on the y-axis (see Figure 2.11, Figure 2.12, and Figure 2.13).  

A linear regression analysis is used to determine the slope of the best-fit line through the 

data points, which provides ελmax. 
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Figure 2.3  Beer's Law plot of dendrimer 2.13 

 

As can be seen in Table 2.3, the molar absorptivities, ε, of nearly all generations 

of dendrimers correspond well to that of DIQA, with the exception of 2.14 whose low ε is 

likely related to its partial insolubility in most organic solvents such as CHCl3.  The 

correlation between the remaining ε values to that of DIQA indicates that substitution of 

increasingly larger groups onto quinacridone does not affect the conjugation of the 

chromophore or its ability to absorb light. 

 The same Beer’s Law plots that afford molar absorptivity values also provide 

information regarding the extent to which the dendrimers aggregate in solution.  

Qualitatively, Beer’s Law plots that provide linear x-y relationships are indicative of a 

non-aggregated state.  However, if the plot deviates from linearity as concentration 

increases, aggregation can be presumed to have occurred (Figure 2.4). 
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Figure 2.4  Non-aggregating and aggregating Beer's Law plots. 

 

 Dendrimers 2.13-2.19 all afforded Beer’s Law plots with no discernable deviation 

from linearity as concentration increases.  Even when concentrations reached as high as 

10-3 M, the dendrimers remain non-aggregating.  Although it would be interesting to 

determine at what concentration the dendrimers begin to aggregate, this type of 

measurement is not feasible for these compounds in CHCl3 due to absorbance limitations 

inherent in UV/Vis spectroscopy.  The high molar absorptivity of the dendrimers implies 

that high concentrations will give absorbance values that fall above the upper limit of the 

instrument’s linear response (~2).  Changing to a non-ideal solvent either by increasing or 

decreasing polarity might induce  aggregation of the dendrimers at lower concentrations 

which are detectable by UV/Vis.  The molar absorptivity also would likely change with 

the use of a different solvent. 

Non-aggregating 

Aggregating 
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 Quantum yield (Φfl) measurements were acquired by measuring the absorbance 

and photoluminescence of the same dilute CHCl3 solution.  Similar measurements were 

taken for a fluorescein standard in 0.1 M NaOH (ΦR = 0.95),26 which allowed for the 

dendrimer’s Φfl to be calculated using the following equation (eq. 2.3):27 
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   (eq. 2.3) 

where A and AR are the absorbance measurements of the dendrimer and the reference, 

respectively, at the photoluminescence excitation wavelength, I and IR are the corrected, 

integrations of the photoluminescence spectra and n and nR are the indices of refraction 

for the solvents used (CHCl3 for the dendrimers and H2O for the fluorescein standard). 

 Quantum yields for dendrimers 2.13-2.15 were comparable to what has been 

measured previously for DIQA (0.85), however, t-butyl dendrimers 2.16-2.19 measured 

consistently higher (ca. 1.0), which indicates enhanced site isolation of quinacridone 

afforded by the bulkier t-butyl dendrons, compared with the benzyl-terminated dendrons.  

Essentially, every photon of light that is absorbed by dendrimers 2.16-2.19 translates into 

a photon of emitted light, with no loss due to excimer formation or self-quenching.  

Solutions were kept very dilute (ca. 10-6 M) to avoid such detrimental processes, but it 

was determined that slight decreases in quantum yield were observed with increasing 

concentration pointing towards the sensitivity of this measurement towards aggregation 

and self-quenching. 

 The quinacridone regions of the UV/Vis and PL spectra in dilute CHCl3 solutions 

are shown in Figure 2.5.  The UV/Vis spectra in Figure 2.5 (A) are presented as plots of 
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molar absorptivity versus wavelength, and although 2.14 (red line) is noticeably lower, 

all other dendrimers appear to have similar molar absorptivities and spectral profiles (all 

bands are the same size relative to each other), and are comparable to DIQA.  However, 

the quinacridone dendrimers 2.13-2.19 are blue shifted (ca. 10 nm) relative to DIQA.   
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Figure 2.5  Solution (A) molar absorptivity and (B) normalized photoluminescence spectra for 
quinacridone dendrimers 2.13-2.19 in CHCl3.  The legend is the same for both graphs. 

 
 

 The solution PL spectra shown in Figure 2.5 (B) are again blue shifted (ca. 10 

nm) from what is observed for DIQA.  However, there are some differences in the 

(A) 

(B) 
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profiles of all the dendrimers.   For example, the smaller shoulder band at ca. 565 nm 

varies in height among the different dendrimer series.  For the benzyl-terminated 

dendrimers 2.13-2.15, the band appears most intense, while the t-butyl dendrimers 2.16-

2.18 appear lower and, for 2.19, even lower still.  This smaller shoulder band (which is 

also a vibronic band) is presumably an indicator of excimer emission (aggregation of 

chromophores is often accompanied by a red-shifted emission) and therefore, increases in 

its intensity are most likely associated with some degree of aggregation of the 

dendrimers.  Although one might expect that the benzyl-terminated dendrimers of higher 

generations, such as 2.14 and 2.15 should possess a weaker ability to aggregate (certainly 

less than DIQA), their shoulder bands appear more intense then DIQA.  This higher 

intensity in the shoulder band might be attributable to solubility differences between the 

benzyl- and t-butyl-terminated dendrimers in the chosen solvent, CHCl3.  However, a 

noticeable difference for dendrimer 2.14, which was only sparingly soluble in CHCl3, 

would then be expected, and this is not observed.  Therefore, the entire nature of the 

shoulder band is not yet known.  However, excimer formation and solubility factors are 

likely explanations.  It should also be noted that while the concentrations used for 

photoluminescence measurements were kept very low, fluorescence spectroscopy is such 

a sensitive technique that small amounts of aggregation can be detected, which was 

similarly observed in the quantum yield measurements.  Further photoluminescence 

studies involving different solvents and decreasing concentrations might reveal 

interesting information regarding the shoulder band. 
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2.4.2 Solid state ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy 

Thin films (ca. 40 nm as determined by ellipsometry) of the dendrimers 2.13-2.19 

made by spin-casting ca. 3mg/mL solutions from CHCl3 onto quartz were investigated by 

UV/Vis and PL spectroscopy in order to determine their likelihood for aggregation and 

self-quenching in OLEDs.  Interpretation of the thin film spectra relied heavily on certain 

assumptions that were made based on solution data.  First, it was assumed that the 

UV/Vis spectra taken in dilute CHCl3 solutions were representative of non-aggregating 

quinacridone chromophores.  These safe assumptions were based on the quinacridone 

dendrimer quantum yields being greater than or equal to DIQA that were measured as 

well as the linear Beer’s Law plots that were obtained.  As a result, it was assumed that 

since these quinacridone dendrimers were essentially non-aggregating in solution, any 

thin film spectra whose profile matched that of the dendrimers in solution must also be 

considered non-aggregating.  More specifically, the ratio of shoulder band heights to the 

heights of the λmax should remain the same for non-aggregating species. 

 Armed with these assumptions, reasonable conclusions can be drawn from 

looking at the thin film UV/Vis spectra (Figure 2.6).  DIQA, which can be considered 

strongly aggregated in the solid state, shows a dramatic change when cast as a thin film.  

Upon going from solution to the solid state for DIQA, there is an increase in the relative 

intensity of the blue-shifted shoulder band.  Although the main peak (not necessarily the 

λmax) for DIQA only red-shifts slightly from 524 nm (solution) to 526 nm (solid state), 

the intensity of the shoulder band (498 nm) increases to such an extent that it now 
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becomes the λmax.  Based on this information, an increase in the blue-shifted shoulder 

band can be considered an earmark for aggregation in the solid state. 

 UV/Vis graphs of benzyl- and t-butyl dendrimers are shown separately to 

illustrate the point at which the different series become non-aggregated.  For the benzyl-

terminated dendrimers 2.13-2.15 (Figure 2.6A), clear signs of aggregation appear for the 

first and second generations (2.13 and 2.14, respectively), although the shoulder band 

does decrease in intensity upon going to the higher generation 2.14.  In fact, the first 

generation dendrimer 2.13 is so strongly aggregating that its λmax (494 nm) is now the 

shoulder band, as is seen for DIQA.  The third generation dendrimer spectrum appears 

solution-like and can thus be considered non-aggregating.  This decrease in the shoulder 

band with increasing dendrimer generation gives insight towards the effectiveness of the 

dendrons at site-isolating the quinacridone core:  first and second generation benzyl-

terminated dendrons are not effective at shielding the quinacridone cores from one 

another.  However, third generation dendrons provide non-aggregated quinacridone 

dendrimers. 
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Figure 2.6  Thin film absorption of (A) benzyl-terminated dendrimers 2.13-2.15 and (B) t-butyl terminated 
dendrimers 2.16-2.19.  Films (ca. 40 nm) were made by spincasting from a ~3mg/mL CHCl3 solution onto 
quartz substrates. 

  

 

(A) 

(B) 
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 The t-butyl terminated dendrimers 2.16-2.19 (Figure 2.6B) show similar 

generational effects.  However, due to the extra bulkiness afforded by the external t-butyl 

groups, solution-like behavior is exhibited at a generation lower than in the benzyl-

terminated case.  For these dendrimers, both zeroth and first generation, 2.16 and 2.17, 

show aggregation behavior; the shoulder band is clearly the λmax in both cases (495 nm 

and 496 nm, respectively).  However, second and third generation dendrimers, 2.18 and 

2.19 appear solution-like and non-aggregated (λmax are 515 nm and 516 nm, 

respectively).  Therefore, there is some change in steric bulk that affects the dendrimers 

upon going from the first to second generation that results in a dramatic change in the 

spectra. 

 Further evidence for this increase in bulkiness was given by the thin film PL 

spectra (Figure 2.7).  An increase in generation from [G0] to [G3] (2.16 to 2.19, 

respectively) results in a blue-shift of the PL λmax from 616 nm (for 2.16) to 566 nm (for 

2.19).  This blue-shift is due to a reduced amount of excimer emission in the dendrimers 

that is directly related to aggregation.  The PL spectra can be viewed as consisting of two 

major bands, with the longer wavelength or lower energy band (~615 nm) attributable to 

excimer emission.  With increasing generation, there is a decrease in the excimer band 

and an increase in the blue-shifted non-aggregated band.  Again, the difference between 

[G1] (2.17) and [G2] (2.18) is substantial, pointing towards a critical amount of bulkiness 

that arises between these two generations and is necessary to inhibit aggregation. 
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Figure 2.7  Thin film PL spectra of t-butyl dendrimers 2.16-2.19. 

 

 A compelling plot of solid state PL efficiency versus molecular weight 

(generation) for dendrimers 2.16-2.19 is shown in Figure 2.8.  This type of measurement 

is akin to the solution quantum yield in that it measures the amount of photons that are 

emitted per photon absorbed.  The influence of aggregation and self-quenching in a 

quantum yield measurement can be considered negligible since the concentration is kept 

extremely low.  This is in stark contrast to a solid state assessment, where these processes 

play a major role.  The PL efficiency was measured by first computing the ratio of the 

integrated, corrected photoluminescence spectra when excited at 470 nm to the 

absorbance at that excitation wavelength.  This was then compared to the value obtained 

for DIQA.  What is observed is a logarithmic increase in photoluminescence efficiency 

upon increasing generation, again pointing to the overall effect that the dendrons have in 
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preventing aggregation and self-quenching of the quinacridone cores.  In fact, the [G3] 

dendrimer 2.19 is 6.8 times more efficient than DIQA, an encouraging result that 

validates its potential incorporation at high concentrations into a doped Alq3 layer of an 

OLED. 

 

Figure 2.8  Solid state PL efficiency of t-butyl dendrimers 2.16-2.19 

 

 Visual confirmation of the increase in PL efficiency with increasing generation 

can be seen in Figure 2.14 (See additional figures, Section 2.7).  The photograph was 

taken after solid samples of dendrimers 2.16-2.19 were placed on a black background and 

then illuminated with 365 nm light from a UV lamp typically used to visualize TLC 

plates.  This particular experiment shows not only that luminescence intensity increases 

(corroborated by increasing PL efficiency) with increasing generation, but also that there 
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is an observed color shift from red to green upon going from [G0] to [G3] (2.16 to 2.19, 

respectively).  This color shift demonstrates that by decorating quinacridone with [G3] 

dendrons, we have effectively site-isolated the cores to such an extent that the solid-state 

luminescence approaches that of a quinacridone derivative in solution.  The localized 

quinacridone concentration of the [G3] dendrimer 2.19 in the solid state is analogous to a 

dilute solution of a small quinacridone derivative (such as DIQA). 

 

2.5 Electrochemical characterization of quinacridone dendrimers 

All electrochemical characterization of the dendrimers 2.13-2.19 was performed 

by Ware H. Flora, a graduate student in Dr. Neal R. Armstrong’s group, and has been 

previously reported.25,28  A summary of these results will be presented herein. 

To investigate the modes of energy/electron transfer that can occur from different 

guest dopants (QD derivatives) to their host (Alq3 in most OLEDs), it is essential to know 

the redox potentials of all materials involved.  As was discussed in Section 1.3.3 and 

summarized in Figure 1.17, based on electrochemical and chemiluminescence 

measurements, DIQA can act as an electron acceptor from Alq3 or an electron donor 

towards PVK.29  Of particular interest was what effect placing dendrons around the 

quinacridone core would have on the redox potentials, diffusion coefficients, and 

heterogeneous rates of electron transfer of these materials.  It was presumed, based on 

extensive work on dendrimers containing redox active cores by Gorman and 

coworkers,30-34 that the redox potentials would remain similar to those measured for 
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DIQA, but the diffusion coefficients and electron transfer rates would become attenuated 

as generation increased.  If the redox potentials were to remain similar then little or no 

electrochemical interaction could be assumed between the dendrons and the core.  

Results are summarized in Table 2.4. 

 

Table 2.4  Electrochemical characterization data of quinacridone dendrimersa 

 
Dendrimer 

MW 
(g/mol) 

E°’
Ox

b 

(V) 
E°’

Red
b 

(V) 
106D0 

(cm2 s-1) 
103k° 

(cm s-1) 
DIQA, 1.84d 452.59 0.73 -1.72 14 11 

[G1], 2.13 917.05 0.78 -1.75 2.7 3.4 
[G2], 2.14 1766.03 0.76    
[G3], 2.15 3463.98 0.75  1.5 1.5 

t-Bu[G0], 2.16 716.99 0.76 -1.78 5.7 4.8 
t-Bu[G1], 2.17 1365.90 0.79 -1.75 2.6 2.9 
t-Bu[G2], 2.18 2663.73 0.83 -1.70 1.7 1.2 
t-Bu[G3], 2.19 5259.38     

 

a in CH2Cl2 solution at 293 K with 0.1 M TBAHFP as supporting electrolyte 
b versus Fc+/Fc 

 

The redox potentials of all the dendrimers that could be studied by cyclic 

voltammetry (CV) remain similar to what has been observed for DIQA, indicating that 

there is no electrochemical communication between dendrons and the core.  However, 

both the diffusion coefficients, D0, and electron transfer rate coefficients, k° (measured 

from the first one-electron oxidation wave) decreased with increasing dendrimer 

generation.  The decrease in k° is more dramatic for the t-butyl terminated dendrimers 

2.16-2.18 than for the benzyl-terminated 2.13 and 2.15, indicating enhanced site-isolation 

afforded by the t-butyl groups on the periphery from the electrodes in solution.  Concerns 
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regarding how these rapidly diminishing k° values would affect any charge transfer 

pathways when incorporating into OLEDs will be addressed in Section 2.6.  It should 

also be noted that the missing values in Table 2.4 for both [G3] dendrimers 2.15 and 2.19 

are consequences of their electroactive regions (QD cores) being unable to communicate 

with the electrodes due to the bulky nature of the dendrons surrounding the core.  Missing 

values for 2.14 are due to low solubility in the solvent used (CH2Cl2). 

 

2.6 OLED devices doped with quinacridone dendrimers 

To compare quinacridone dendrimer performance as a dopant in devices with that 

of DIQA, OLEDs were prepared in which a single-layer containing PVK 

poly(vinylcarbazole), Alq3, and the guest dopant (0 - 8 mol % of Alq3), was sandwiched 

between an ITO anode and an Al cathode.  Devices were prepared by Ware H. Flora, a 

graduate student in Dr. Neal R. Armstrong’s group and the results have been previously 

published.25,28  A review of those results will be presented herein. 

 As a result of the enhanced solubility of the t-butyl dendrimer series 2.16-2.19, 

only those compounds were fully evaluated in OLEDs and presented here.  

Photoluminescence (PL) and electroluminescence (EL) spectra are shown in Figure 2.9 

for devices containing 2.18, which were excited at 390 nm because only Alq3 absorbs 

here.  As can be seen in both the PL and EL graphs, when the concentration of 2.18 

increased, a decrease in intensity at 490 nm (emission due only to Alq3) was observed 

indicating that Förster energy transfer occurred from the Alq3 host to the quinacridone 
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dendrimer guest.  This observed decrease was approximately the same for all the 

dendrimers 2.16-2.19 and indicated that the ability to transfer energy (as measured by the 

Förster radius) has not been affected by dendron size.  The graphical inset shows the 

decrease in intensity at 490 nm, I490, as a function of dopant concentration, and from this 

it is clear that the decrease is greater for EL than for PL.  This is due to additional charge-

transfer (CT) pathways that are available for EL processes (presented in Section 1.3.3 and 

in Figure 1.17). 
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Figure 2.9  (a) PL and (b) EL plots of ITO/PVK-Alq3/Al devices with increasing concentrations of dopant 
2.18.  Inset shows decrease in 490 nm intensity for PL and EL.25 

  

To investigate whether the ability of the device to participate in CT pathways 

became attenuated with increasing dendrimer generation (as the sharply decreasing k° 

values would suggest), I490 plots for all generations were investigated, the results of 

which are shown in Figure 2.10.  Slight increases in I490 values for EL with increasing 
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generation can be observed (especially at the lower concentrations) and are most likely 

due to decreased CT pathways available due to lower accessibility to the quinacridone 

core, as indicated by decreasing k° values, although not nearly to the extent that the k° 

values suggested.  Therefore, k° values in solution do not translate to poor EL efficiency, 

although they do result in a slightly lower decrease of Alq3 quenching. 
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Figure 2.10  Plots of I490 for EL and PL of DIQA and t-butyl dendrimers 2.16-2.19.25 

  

Finally, it should be noted that although the investigated dopant concentrations 

were kept between 0 - 8 mol %, no evidence of aggregation was observed, which 

indicated that even higher amounts of dendrimer could be used effectively.  This is in 

stark contrast to OLEDs made previously with increasing concentrations of QD 
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derivatives23,29,35-37 and points to the usefulness of the dendritic architecture in this 

system. 

2.7 Additional figures 
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Figure 2.11  Beer's Law plots for (A) [G2] dendrimer 2.14 and (B) [G3] dendrimer 2.15. 

 

(A) 

(B) 



 166 

 

Figure 2.12  Beer's Law plots for (A) tBu[G0] dendrimer 2.16 and (B) tBu[G1] dendrimer 2.17. 

 

(A) 

(B) 
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Figure 2.13  Beer's Law plot for (A) tBu[G2] dendrimer 2.18 and (B) tBu[G3] dendrimer 2.19.

(A) 

(B) 
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Figure 2.14  Photograph of t-butyl terminated dendrimers 2.16-2.19 taken under 365 nm illumination 
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2.8 Conclusions 

Two types of quinacridone-cored dendrimers, benzyl- and t-butyl terminated, 

were synthesized for the purpose of achieving site isolation of the quinacridone core.  

Solution-based UV/Vis and PL experiments provided spectra that demonstrated that non-

aggregation occurred which were then compared to solid state measurements.  As 

expected, as the dendrimer generation increased, the quinacridone cores became less 

aggregated and therefore site-isolated.  Decreased self-quenching was demonstrated by 

an increase in solid state PL efficiency with increasing generation.  Although solution 

electrochemical measurements by cyclic voltammetry indicated that heterogeneous 

electron transfer rates were significantly attenuated with increasing generation, device 

results indicate that this might only slightly affect CT pathways.  More importantly, no 

evidence of aggregation or self-quenching was observed in devices doped with up to 8 

mol% of dendrimer, opening up possibilities for even greater dopant concentrations and 

improved device performance. 

 

2.9 Experimental procedures 

General Experimental.  NMR spectroscopy was performed using Bruker AM-

250 and DRX-500 spectrometers available at the University of Arizona.  Mass 

spectrometry (MS) was performed by the MS Instrument Facility at the University of 

Arizona.  Toluene and DMF were dried over crushed 3Å molecular sieves.  All other 

necessary reagents were purchased from readily available suppliers and used as received.  

Flash chromatography was performed according to the method of Still and coworkers38 
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with 40-63 µm silica gel (EMD Chemicals, Inc.).  TLC was performed on precoated 

plates containing a fluorescent indicator (Silica Gel 60 F254, EMD Chemicals, Inc.). 

 [G1]2-quinacridone (2.13). To a rapidly stirred solution of quinacridone (156 

mg, 0.488 mmol) in dry DMF (25 mL) was slowly added NaH (80 mg, 2.7 mmol).  [G-

1]-Br (0.507 g, 1.30 mmol) was then added to the reaction mixture which was then 

maintained 80 °C for 26 h.  The reaction was quenched by pouring onto ice (ca. 100 g). 

The majority of DMF was evaporated in vacuo and the resulting slurry was filtered to 

yield an orange solid.  The orange solid was dissolved in CH2Cl2 (ca 100 mL).  The 

aqueous filtrate was washed with CH2Cl2 (3 x 50 mL) the organic layer was separated, 

and all organic layers were combined.  This solution was dried (MgSO4), filtered, and 

concentrated.  The residue was purified by flash chromatography (SiO2, CH2Cl2) 

followed by precipitatation into methanol from CH2Cl2 to yield 2.13 as an orange solid 

(180 mg, 41 %); IR (KBr) 1627, 1604, 1494, 1452 cm–1; δΗ (300 MHz, DMSO-d6): 8.46 

(s, 2H), 8.32 (d, J = 7.6 Hz, 2H), 7.75 (t, J = 7.32 Hz, 2H), 7.55 (d, J = 8.79 Hz, 2H), 7.25 

(m, 12H), 6.62 (s, 2H), 6.48 (s, 2H), 5.77 (s, 4H), 4.98 (s, 8H);  MS (MALDI) m/z 917.32 

(M+H+, C62H49N2O6 requires 917.36). 

 [G2]2-quinacridone (2.14). To a stirred mixture of quinacridone (110 mg, 0.336 

mmol), tetrabutylammonium iodide (0.257 g, 0.697 mmol), and freshly distilled toluene 

(10 mL) was added 50% aqueous NaOH (0.4 mL).  After slow addition of [G-2]-Br (0.71 

g, 0.88 mmol) the reaction mixture was maintained at 80 °C for 32 h.  The reaction was 

quenched with H2O (20 mL) and filtered to give an orange solid that was washed with 

H2O (20 mL) and methanol (20 mL).  The filtrate was extracted with CH2Cl2 and the 
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organic layer was dried (MgSO4), filtered, and concentrated.  The residue was combined 

with the previously isolated orange solid and the combined sample was purified by flash 

chromatography (SiO2, CH2Cl2) followed by precipitation into methanol from CH2Cl2.  

The precipitate was filtered to yield 2.14 as an orange solid (0.40 g, 69 %); IR (KBr) 

1629, 1599, 1495, 1454 cm–1; δΗ (300 MHz, DMSO-d6): 8.41 (s, 2H), 8.26 (d, J = 8.1 Hz, 

2H), 7.68  (t, J = 7.6 Hz, 2H), 7.49 (d,  J = 9.03 Hz, 2H), 7.27 (m, 40H), 6.59 (s, 2H), 

6.54 (s, 4H), 6.482 (s, 2H), 6.41 (s, 2H), 5.67 (s, 2H), 4.93 (s, 8H), 4.88 (s, 4H); MS 

(MALDI) m/z 1766.68 (M+H+, C118H97N2O14 requires 1766.70). 

 [G3]2-quinacridone (2.15). Following the procedure described for the 

preparation of 2.14, quinacridone (0.40 g, 1.26 mmol), [G-3]-Br (4.40 g, 2.65 mmol), 

tetrabutylammonium iodide (1.86 g, 5.04 mmol), 50% aqueous NaOH (0.5 mL), and 

toluene (40 mL) yielded, after purification by flash chromatography (SiO2, CH2Cl2) and 

precipitation from hot 4:1 hexanes-CH2Cl2, 2.15 as an orange solid (2.63 g, 60%); IR 

(KBr) 1629, 1605, 1497, 1454 cm–1; δΗ (300 MHz, CDCl3): 8.49 (s, 2H), 8.45 (d, J = 8.1 

Hz, 2H) 7.53 (t, J = 8.4 Hz, 2H) 7.30 (m, 80H ), 7.116 (t, 7.5 Hz, 2H), 6.63 (d, J = 1.8 

Hz, 16H), 6.53 (t, J = 2.1 Hz, 8H) 6.48 (d, J = 1.8 Hz, 8H) 6.36 (t, J = 1.8 Hz, 4H) 5.46 

(s, 4H) 4.97 (s, 32H) 4.79 (s, 24H); MS (MALDI) m/z 3464.37 (M+H+, C230H193N2O30 

requires 3464.37). 

 t-Butyl[G0]2-quinacridone (2.16). Following the procedure described for the 

preparation of 2.14, quinacridone (1.45 g, 4.7 mmol), 3,5-di-tert-butylbenzyl bromide 

(3.07 g, 10.8 mmol), tetrabutylammonium iodide (6.94 g, 18.8 mmol), 50% aqueous 

NaOH (1.5 mL), and toluene (70 mL) yielded 2.16 as an orange solid (2.64 g, 76%) after 
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purification by flash chromatography (Si2O, CH2Cl2); IR (KBr) 1630, 1605, 1494, 1454 

cm–1; δΗ (300 MHz, CDCl3): 8.75 (s, 2H), 8.55  (d, J = 1.2 Hz, 1H), 8.52 (d, J = 1.5 Hz, 

1H), 7.65 (t, J = 7.8 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H), 7.33 (s, 2H), 7.25 (t, J = 7.7 Hz, 

2H), 7.06 (s, 4H), 5.77 (s, 4H), 1.22 (s, 36H); MS (MALDI) m/z 716.26 (M+, C50H56N2O2 

requires 716.43). 

 t-Butyl[G1]2-quinacridone (2.17). Following the procedure described for the 

preparation of 2.14, quinacridone (1.48 g, 4.75 mmol), (3,5-tBu)4[G-1]-Br (6.68 g, 10.9 

mmol), tetrabutylammonium iodide (7.02 g, 19.0 mmol), 50% aqueous NaOH (1.0 mL), 

and toluene (200 mL)  yielded 2.17 as an orange solid (4.94 g, 76%) after purification by 

flash chromatography (SiO2, CH2Cl2); IR (KBr) 1634, 1604, 1495, 1454 cm–1; δΗ (300 

MHz, CDCl3): 8.72 (s, 2H), 8.55 (d, J = 1.5 Hz, 1H), 8.52 (d, J = 1.5 Hz, 1H), 7.66 (t, J = 

7.8 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.37 (t, J = 1.8 Hz, 2H), 7.28 (t, 7.5 Hz, 2H), 7.22 

(d, J = 2.1 Hz, 4H), 6.62 (t, 2H), 6.54 (d, J = 1.8 Hz), 5.71 (s, 4H), 4.92 (s, 8H), 1.29 (s, 

72H); MS (MALDI) m/z  1365.81 (M+H+, C94H113N2O6 requires 1365.86). 

 t-Butyl[G2]2-quinacridone (2.18). Following the procedure described for the 

preparation of 2.14, quinacridone (0.58 g, 1.85 mmol), (3,5-tBu)8[G-2]-Br (5.40 g, 4.27 

mmol), tetrabutylammonium iodide (2.73 g, 7.4 mmol), 50% aqueous NaOH (0.7 mL), 

and toluene (125 mL) yielded 2.18 (3.38 g, 69%) after purification by flash 

chromatography (SiO2, CH2Cl2) and precipitation into methanol from CH2Cl2; IR (KBr) 

1633, 1606, 1495, 1455 cm–1; δΗ (300 MHz, CDCl3): 8.65 (s, 2H), 8.52 (d, J = 1.5 Hz, 

1H), 8.50 (d, J = 1.8 Hz), 7.61 (t, J = 7.8 Hz, 2H), 7.39 (t, J = 1.8 Hz, 6H), 7.34 (d, J = 

9.0 Hz, H), 7.26 (d, J = 2.1 Hz, 12H), 7.20 (t, J = 7.8 Hz 2H), 5.62 (s, 4H), 4.95 (s, 16H), 
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4.91 (s, 8H), 1.29 (s, 144H); MS (MALDI) m/z  2662.38 (M+, C182H224N2O14 requires 

2662.69). 

 t-Butyl[G3]2-quinacridone (2.19). Following the procedure described for the 

preparation of 2.14, quinacridone (0.24g, 0.778 mmol), (3,5-tBu)16[G-3]-Br (4.3 g, 1.634 

mmol), tetrabutylammonium iodide (1.15 g, 3.11 mmol), 50% aqueous NaOH (0.8 mL), 

and toluene (50 mL)  yielded 2.19 (1.30g, 30%), after purification via flash 

chromatography (SiO2, 1:9 THF:Hexanes followed by 2:1 CH2Cl2:Hexanes) followed by 

precipitation from CH2Cl2 into a mixture of DMF/H2O (1:2); IR (KBr) 1632, 1597, 1496, 

1454 cm–1; δΗ (300 MHz, CDCl3): 8.62 (s, 1H), 8.48 (d , 8.1 Hz , 2H), 7.56 (t , 7.2 Hz , 

2H), 7.38 (t , 1.5 Hz , 16H), 7.25 (d , 1.5 Hz , 32H), 7.32 (d , 9.3 Hz , 2H) 7.15 (t , 7.2 Hz 

, 2H), 6.71 (d , 1.8 Hz , 16H), 6.63 (t , 2.1 Hz , 8H), 6.61 (d , 1.8 Hz , 8H), 6.57 (t , 2.1 

Hz , 2H), 6.51 (t , 1.8 Hz , 4H), 6.54 (d , 1.8 Hz , 4H), 5.62 (s, 4H), 4.98 (s, 32H), 4.91 (s, 

16H), 4.88 (s, 8H), 1.31 (s, 288H); MS (MALDI), m/z 5260.18 (M+H+, C358H449N2O30 

requires 5259.38). 
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3. Energy transfer quinacridone dendrimers and polymeric analogues 

 

3.1 Introduction 

The ability of dendrimers to act as photosynthetic mimetics has attracted recent 

attention.1  Energy-harvesting by high-energy hosts on the periphery of a dendrimer 

followed by Förster energy transfer (“down-conversion”) to a lower energy emitter at the 

core combines several beneficial principles into a single design.  First, the emitting 

molecule can remain site-isolated at the core of the dendrimer, preventing detrimental 

processes such as aggregation and self-quenching.  Second, energy harvesting can occur 

over a broader energy range since excitation of both the host and the guest will result in 

guest emission.  Finally, indirectly sensitizing the emission of the guest by exciting the 

host results in an enhanced intensity of emission over direct guest excitation, termed the 

“antennae effect”.  This effect is a direct result of the increase in absorbance cross-section 

that occurs when multiple hosts are excited versus excitation of a single guest.  Efficient 

energy transfer to the core is also a stringent requirement for an antennae effect, which 

can be also be referred to as amplified emission. 

 Förster energy transfer, although briefly discussed in previous chapters, must be 

further explained here for a complete understanding of the requirements for efficient 

down-conversion.  Förster energy transfer, or resonance energy transfer as it is often 

called, is the result of a dipole-dipole interaction between a donor and acceptor resulting 

in energy transfer in a “through-space” mechanism to the lower energy acceptor and 

ultimately emission mainly from the acceptor.  This long-range interaction is possible if 
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the emission spectrum of the donor overlaps the absorbance spectrum of the acceptor, 

although this incorrectly implies that a photon is emitted from the donor which is later 

absorbed by the acceptor.  The efficiency of energy transfer is inversely proportional to 

the distance between the donor and acceptor chromophores raised to the sixth power.  

The Förster radius, R0, is defined as the distance at which the energy transfer efficiency is 

50% and can be calculated based on eq. 3.1:2 
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where the integral represents the spectral overlap.  κ2 is an orientational dipole factor 

which is taken as 2/3 for randomly oriented dipoles undergoing rotational diffusion prior 

to energy transfer, or 0.476 when the random orientations are fixed.  ΦD is the quantum 

yield of the donor, N is Avogadro’s number, n is the refractive index of the medium, FD 

is the fluorescence intensity of the donor at wavelength λ when the spectrum is 

normalized to an area of unity, εA is the molar absorptivity of the acceptor at wavelength 

λ.  A value for R0 allows for the calculation of energy transfer efficiencies, E, at different 

distances, r, between donor and acceptors according to eq. 3.2: 
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which can be compared to measured efficiencies.  From eq. 3.1 it is observed that 

variation in the orientation factor κ2, which is an assumed value, is a likely source of 

discrepancy between calculated and measured values of energy transfer. 

Before delving into the specific project goals for synthesis and photophysical 

characterization of energy transfer dendrimers, a brief summary of previous work in this 
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area is necessary (more detail can be found in Chapter 1).  It is important to note that the 

dendrimers of interest in this chapter are those in which the dendrons themselves play a 

passive role in energy transfer; they are merely architectural scaffolds and do not 

participate in energy harvesting themselves.  To ensure that their role is purely 

architectural, dendrons are selected whose ground state energy is higher than both donor 

and acceptor chromophores.  Dendrimers in which the dendrons act as the host absorbers 

(active participants) were reviewed extensively in Chapter 1. 

3.1.1 Energy-transfer host/guest dendrimers 

Energy transfer between periphery hosts and encapsulated guests can occur both 

when the encapsulated guest is covalently3-16 or non-covalently17-20 bound in the 

dendrimer interior.  Both will be briefly reviewed here.  Host/guest metal-containing 

systems will not be reviewed (see Chapter 1). 

3.1.1.1 Covalent encapsulation of guests 

The most extensive work on covalently encapsulated guests for energy transfer 

has been undertaken by Fréchet and coworkers in the past six years for applications 

ranging from potential signal amplifiers to OLED devices.  Their initial efforts included 

energy transfer between overlapping dyes coumarin 2 and coumarin 343 (Chart 3.1), 

which were commercially available and possess high extinction coefficients (high energy 

harvesting).3,4  Incorporation of the higher energy nucleophilic coumarin 2 dye onto the 

periphery of the dendrimer necessitated the use of convergent “reverse” poly (aryl ether) 

dendrons, in which the nucleo- and electrophilicity at the branching positions were 

reversed (Chart 3.1).  The resultant [G1] through [G4] dendrons were synthesized and 
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capped by condensation with coumarin 343 at the focal point to yield dendrons 1.57a-d 

(Chart 1.20). 
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Chart 3.1  Coumarin dyes and "normal" vs. "reverse" poly (aryl ether) dendrons.3,4 

 

 Energy transfer between the coumarin 2 and coumarin 343 chromophores in 

dendrons 1.57a-c is nearly quantitative (> 97%) with 1.57d giving a slightly lower value 

of ca. 93% as measured by studying the amount of donor emission that is quenched in the 

presence of the acceptor.21  Energy-transfer measurements made by simply comparing 

absorption and excitation spectra gave values greater than 100%, and were therefore 

unusable.  The steady-state measurements were confirmed by time resolved fluorescence 
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experiments.  Additional dendrimers prepared with pentathiophene cores replacing the 

coumarin 343 emitters showed similar high energy transfer efficiencies.5 

 An antennae effect is shown in Figure 1.124 where the sensitized emission 

(coumarin 2 donor is excited) for each dendrimer is presented relative to direct core 

emission (excitation of coumarin 343 acceptor).  From initial observation, it appears that 

sensitized emission offers no advantages over direct core emission for the first and 

second generation dendrimers.  This is due to the molar absorptivity difference between 

the two chromophores, where the donor (chosen for light harvesting) actually absorbs 

less than half the number of photons than the core.  This translates to less energy 

transferred to the core than when the core is excited directly.  As stated previously, an 

antennae effect is a direct result of the light harvesting ability of the donor chromophores 

as well as the energy transfer capability to the acceptor.  If no energy is lost in the process 

of energy transfer to non-radiative pathways then the amount of the antennae effect 

(Emsens) versus direct emission (Emdir) can be represented as: 
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where ε(D) and ε(A) are the molar absorptivities of the donor/acceptor for each generation 

at their respective excitation wavelengths and ΦET is the quantum yield of energy transfer 

which combines such necessary terms as the quantum yield for donor emission and 

acceptor emission.  Based on eq. 3.3, the antennae effect for [G1] through [G4] is 

calculated to be 0.5, 1.0, 2.4, and 3.7, respectively.  From Figure 1.124 it is observed that 

the antennae effect correlates well for the first and second generations 1.57a and b, but 
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begins to attenuate in the higher generations, indicating an increased number of non-

radiative pathways with increasing generation.  Eq. 3.3 also shows clearly the influence 

of the molar absorptivity ratio of donor and acceptor on the extent of the antennae effect.  

Therefore, careful choice of chromophores that maximize the molar absorptivity 

difference between donor and acceptor should result in effective energy harvesting and a 

pronounced antennae effect. 

 In order to make energy transfer dendrimers useful for OLEDs, Fréchet and 

coworkers6,7 sought to incorporate charge-transporters into the dendrimer.  Hole-

transporting triarylamine (TAA) groups replaced the coumarin 2 groups utilized in earlier 

work, making the periphery chromophores responsible for two distinct functions, charge 

transport and energy transfer.  Both guest acceptors used previously (coumarin 343 and 

pentathiophene) were surrounded with the TAA-terminated dendrons and energy transfer 

to these cores was found to be very efficient with only a small amount of residual TAA 

emission.  Since the eventual goal for these dendrimers was to create a multi-color or 

white light device, site isolation of both the pentathiophene and coumarin 343 cores 

became the objective,8,9 with energy transfer between the two cores nearly suppressed 

when mixing a [G5] pentathiophene dendrimer with a [G4] coumarin 343 dendrimer (the 

[G2] versions of these dendrimers are shown in Chart 1.228,9). 

 More recently, dendrons containing charge-transport groups at the focal point as 

well as exterior have been realized.10  Carbazole groups responsible for hole-transport 

have been placed at the exterior of poly(aryl ether) dendrons with electron-transporting 

napthalimides at the focal point (Chart 3.2, [G1] and [G2] shown only).  Energy transfer 
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in all generations (1, 2, and 3) ranges from 84-96% depending on the group attached to 

the 4 position of the napthalimide.  An antennae effect is also observed for the three 

generations when the carbazole groups are excited versus direct excitation of the 

napthalimides.  The enhancement increases in the order of [G1] < [G3] < [G2], which 

does not correspond to the increase in molar absorptivity ratio (donor/acceptor) of [G1] < 

[G2] < [G3] indicating that in the highest generation, non-radiative pathways play an 

important role.  It is likely this increase in non-radiative pathways that is responsible for 

the poor performance of the [G3] dendron in solution fabricated OLED devices.  Higher 

luminance values (208 cd/m2) and efficiencies (0.50 %) were observed for the [G1] 

dendron.  A proposed mechanism of emission includes hole-injection into the carbazole 

periphery concomitant with electron-injection into the napthalimide, followed by 

recombination and emission from the napthalimide core (no emission is detected from the 

carbazole). 
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Chart 3.2  First (3.1) and second (3.2) generation carbazole/napthalimide dendrons.10 

 Fréchet and coworkers have also investigated other types of energy transfer 

systems.  Cascading dendrimers containing multiple chromophores of decreasing 

energies (Chart 1.23) towards the core exhibited excellent energy transfer (95%) 

efficiencies with energy transfer occurring in a step-wise manner.11  Two-photon 

harvesting dendrimers were also synthesized and showed both efficient energy transfer 

and a significant antennae effect.12,13  Two-photon light harvesters offer advantages over 

single-photon systems in that broader wavelengths of light can be utilized.   

 Other dendrimer architectures have proven useful as scaffolds for energy transfer 

chromophores, including polyphenylene dendrimers synthesized by Müllen and 

coworkers.14,15  These non-conjugated dendrimers (phenyl rings are twisted out-of-plane) 

have been shown to effectively site-isolate perylene diimide dyes at their core (Chart 

1.26).22  However, if two different chromophores are placed at the periphery of the 
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dendrimer (three peryleneimides and one lower energy terryleneimide) (Chart 1.27), 

energy transfer from the peryleneimides (PIs) to the terryleneimide (TI) increases to 96% 

yield.14,15  Akin to Fréchet’s cascading dendrimers,11 Müllen and coworkers23 have 

incorporated three chromophores of decreasing energy into the polyphenylene dendrimer 

framework (Chart 1.29) which exhibits a step-wise energy transfer (percentage not 

reported). 

3.1.1.2 Non-covalent encapsulation of guests 

The non-covalent encapsulation of guest dopant dyes within a dendrimer 

containing host chromophores on the periphery shows promise for applications such as 

(a) reversibly shifting the emission wavelength in OLEDs,17 and (b) fluorescent 

chemosensors in which the guest becomes incorporated in the dendrimer interior and, 

through energy transfer, quenches the emission of the hosts on the periphery (mostly 

metal-containing systems reviewed in Chapter 1).18-20,24-29 

 Meijer and coworkers17 have synthesized poly(propylene imine) dendrimers 

containing conjugated oligo(p-phenylene vinylene) groups on the periphery (Chart 1.30) 

for the encapsulation of anionic dyes.  In solution, encapsulation of the Sulforhodamine B 

dye into the interior of the dendrimer results in only a 40% energy transfer efficiency.  

This increases to greater than 90% efficiency in thin films formed by spin-coating dye-

loaded dendrimers.  The increase is likely due to increased spectral overlap between the 

host and the guest.  The flexibility offered by the electrostatic dendrimer-dye interaction 

(versus a covalent bond) allowed for screening of multiple dyes utilizing the same 
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dendrimer.  If the dendrimer provided site-isolation for each of the chromophores, white-

light devices are conceivable. 

 Other non-covalently linked host/guest systems include those by Vögtle and 

Balzani in which the fluorescence of dansyl groups at the periphery of poly(propylene 

imine) (PPI) dendrimers is quenched when acidic dyes such as eosin are encapsulated 

into the interior.18,20  In fourth generation PPI dendrimers containing 32 dansyl groups 

(Chart1.31), the incorporation of only a single eosin molecule is sufficient to quench the 

fluorescence from all of the dansyl groups.  If an additional chromophore of higher 

energy (such as a napthyl group) is affixed to the dendrimer (Chart 1.32), a step-wise, 

cascading energy transfer takes place when an eosin molecule is encapsulated with an 

efficiency greater than 80%.19 

3.1.2 Oligo(p-phenylene vinylene) 

As will be discussed further with the research goals, much interest lies in utilizing 

a higher energy donor chromophore on the periphery of dendrimers to transfer energy, or 

down-convert, to a quinacridone core acceptor.  The choice of oligo(p-phenylene 

vinylene) groups (oPPV) arises from by their use in OLEDs as both a charge-transport 

material as well as an emitter.  The parent conjugated polymer poly(p-phenylene 

vinylene) (PPV) was used in the first PLED made by Burroughs et al.,30 albeit producing 

low efficiencies.  Since their initial report in 1990, extensive research has been performed 

on the modification of PPV and oPPV to improve charge-transport (hole and electron) as 

well as emitting capabilities.31-34  Utilizing oligomers of conjugated polymers offers 

several advantages over the polymers themselves, namely: (a) oligomers, if synthesized 



 184 

in a step-wise fashion, are monodisperse and defect-free; (b) conjugated segments can be 

added on to oligomers one at a time in order to control the HOMO-LUMO gap, and 

subsequently, the wavelength of light that is emitted; (c) oligomers are often more soluble 

than their conjugated polymer analogs; and (d) oligomers can be constructed with 

specific targeted functional groups for further reaction with other materials such as 

dendrons. 

 In the field of optoelectronic devices (photovoltaics, field-effect transistors, and 

OLEDs), oPPVs have been used quite extensively.  Some of the current research 

involving oPPVs in photovoltaics includes their use as the hole-transporting component 

to such electron-transporters as buckminsterfullerene, C60.35-41  In addition, oPPVs are 

often exploited for their liquid-crystalline properties as potential photovoltaic hole-

transporting components42 and hence, have been paired with other liquid-crystalline 

electron transporters such as perylene diimides.43,44  However, for OLEDs the liquid-

crystalline approach is undesirable because it leads to excimer emission.  Research in this 

area, therefore, has concentrated on preventing oPPV association by making the packing 

of chromophores “awkward”.45-52  One such approach to preventing chromophore 

aggregation is by utilizing dendrimers, whose globular shape makes for unlikely 

chromophore association.17,53-56  Also, incorporating oPPV segments into polymers 

(either as main-chain57-73 or side-chain segments74-82) decreases the amount of 

chromophore association.  Both of these approaches will be reviewed briefly. 
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3.1.2.1 Dendrimers containing oligo(p-phenylene vinylene) on the periphery 

Utilizing oPPV groups on the periphery of dendrimers has been shown by Meijer 

and coworkers17 to be very effective at light harvesting and energy transferring, processes 

which we would also like to do efficiently.  Although the dispersal of chromophores on 

the periphery of dendrimers can be effective at preventing aggregation in the low 

generations, as generation size increases the number of chromophores increases 

exponentially.  Hence crowding on the periphery creates greater interchromophoric 

communication, namely delocalization of the exciton over a wide range of 

chromophores.56  This delocalization gives rise to longer emission wavelengths due to 

excimer formation.  Therefore, if non-aggregated chromophores are desired, generation 

size must be kept low.  Additionally, if the oligomers on the periphery of the dendrimers 

are appended with mesogenic groups, liquid-crystalline (LC) behavior can be induced.53  

While these LC dendrimers may find use in liquid-crystalline displays (LCDs), they will 

most likely not prove useful for OLEDs in which separation of chromophores remains 

critical for high emission quantum yields.   

Separation of chromophores on the periphery of a dendrimer at high generations 

has been shown recently by Meijer and coworkers.54  In an elegant example of 

supramolecular chemistry, poly(propylene imine) dendrimers (1.56  in Chart 1.19 is a 

lower generation example) have been modified at the periphery to include adamantly-

urea groups which can reversibly bind glycine-urea functionalized oPPVs in two 

hydrogen bonding pathways; (a) between the host and guest urea groups, and (b) between 

the carboxyl group at the focal point of the oPPVs and the amine groups in the outermost 
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shell of the dendrimer (Chart 3.3).  The necessity of the adamantly group cannot be 

overlooked as it provides insulation of the oPPVs from one another to prevent excimer 

formation.  The increase in PL efficiency for dendrimer 3.3 in the thin film is a factor of 

10 higher than the oPPV groups alone. 
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Chart 3.3  Adamantyl-urea terminated poly(propylene imine) dendrimer hydrogen bonded to oPPV 
glycine-urea goups.54 

 
 

 However, if the desired use of π-conjugated oligomeric dendrimers is for energy 

harvesting and transfer (as in our case), and not emission, then the aggregation of 

chromophores on the periphery should not pose a problem as long as energy transfer 

occurs before excimer formation, and/or the excimer is higher in energy than the acceptor 

core.  Under these circumstances energy will still flow in a downhill fashion provided the 

excimer does not non-radiatively decay.  In fact, this has been shown by Meijer17 in the 

case of oPPV groups, which have been shown to aggregate at higher generations,56 but 

are still able to efficiently transfer energy to anionic dyes (>90% in the solid state).  In 
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other words, for our purposes (energy harvesting and transfer), the generation size is only 

limited by what can be synthesized, and not by association of donor chromophores.  

3.1.2.2 Side-chain oligo(p-phenylene vinylene) polymers 

Several attempts have been made to incorporate oPPVs into polymers,33 either as  

main-chain conjugated segments57-73 or side-chain conjugated segments attached to a 

non-conjugated backbone.74-82  Reasons for this include the ability to impart precise color 

tuning into the material by defining the conjugation length as well as the ability to 

decrease the amount of π−π stacking or aggregation that will occur leading to non-

radiative pathways.  Additionally, the mixing of conjugated moieties with non-conjugated 

ones leads to amorphous film formation resulting in pinhole free films that do not 

crystallize. 

 Although promising OLED results have been obtained for main-chain oPPVs, the 

side-chain oPPVs seem to offer more promise for incorporating additional functionalities 

into the same polymer chain.  For example, copolymerizations with pendant electron-

transport materials such as oxadiazoles improves the performance of OLEDs compared to 

PPV devices.79,80  A further monomer containing a crosslinkable cinnamoyl pendant 

group (3.5) can be copolymerized with the oxadiazole side-chain monomer (3.4) and the 

oPPV side-chain monomer (3.6) to yield a tri-functional methacrylate-backbone polymer 

(3.7) which possesses an electron transport group and an emitter, as well as a 

photocrosslinkable moiety (Scheme 3.1).81 
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Scheme 3.1  Tri-functional poly(methacrylate) bearing electron transport, emitting, and crosslinking side-
groups.81 

 
 

In addition to methacrylate backbones,79-81 oPPV pendant groups have also been 

placed on norbornene monomers polymerized using ring-opening metathesis,78 as well as 

polystyrenes polymerized by a number of methods including radical initiators (2,2’-

azobisisobutyronitrile, AIBN,74,77 and 2,2,6,6-tetramethylpiperidin-1-yloxy, TEMPO74) 

as well as thermal polymerization without initiators.74  A polyacetylene conjugated 
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backbone containing oPPV side-chain groups has also been synthesized for use in 

photovoltaics.82  

3.1.3 Linear versus dendritic energy transfer – effect of dendrimer morphology 

Although there are several examples of side-chain oPPV polymers,74-82 no effort 

has been made to compare the energy transfer abilities of these side-chain linear polymer 

oPPVs and acceptor dyes with dendrimers substituted with oPPV groups and 

encapsulated acceptors.17  This type of comparison can help elucidate whether dendrimer 

architecture is necessary for efficient energy transfer and what effect generation might 

have on energy transfer efficiency. 

 This interest in the effect that dendrimer morphology has on the energy transfer 

capabilities stems from work by Jiang and Aida on both azobenzene- (Chart 1.14)83-85 and 

porphyrin-cored (Chart 1.15) dendrimers.86  In the porphyrin case,86 energy transfer from 

the dendrons to the porphyrin core was most efficient when the porphyrin was 

symmetrically substituted with dendrons and decreased with a decreasing number of 

dendrons attached to the core.  This pointed to a cooperativety of the dendrons in the 

energy transfer process and was corroborated by fluorescence anisotropy data which 

suggested that energy migration was effective only when the porphyrin core was fully 

substituted.  Additional evidence for dependence of energy transfer on dendrimer 

morphology was observed when Shirai and coworkers87 mixed dendron donor and 

porphyrin acceptor together and compared the energy transfer to covalent assemblies of 

dendron and porphyrin.  The lack of energy transfer in the non-covalent mixture points 

towards the necessity of dendrimer construction.   
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Some effort has been put forth in the general area of comparing efficiency of 

linear and dendritic energy transfer, albeit in a much different capacity than in what we 

are interested.  Fréchet and coworkers88 synthesized porphyrin cored dendrimers and their 

architecturally isomeric linear analogues (Chart 1.16) for comparison of photophysical 

processes including energy transfer.  Although a decrease in energy transfer was seen for 

increasing generations in the dendritic series 1.51b-d, a much more dramatic decrease 

was observed for the 8-arm linear analogs 1.52b-d, indicating that the dendritic 

morphology in this case is necessary for highly efficient energy transfer.  Likely the 8-

arm linear analogs increase in size with increasing generation to a distance that falls 

outside of the Förster radius, thereby decreasing the probability of efficient energy 

transfer. 

While these examples point towards the necessity of the dendrimer morphology in 

energy transfer in which the dendrons are active participants, there do not appear to be 

examples in the literature in which energy transfer comparisons between host/guest 

dendrimers in which the dendrimer is purely a scaffold and their corresponding non-

dendritic analogs have been investigated.  We will address this as one of our goals below. 

3.1.4 Research goals 

Due to the success with the site-isolation of quinacridone as described in Chapter 

2, there is an interest in extending the quinacridone dendrimer design to include energy-

harvesting chromophores on the exterior of the dendrimer in the hopes of exhibiting site-

isolation, energetic “down-conversion”, and an antennae effect towards a quinacridone 

core.  oPPV groups were chosen as the peripheral donors due to their large molar 
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absorptivity for effective light harvesting, as well as their known ability to efficiently 

transfer energy to encapsulated guests.  It is anticipated that there will be a significant 

enhancement of emission from quinacridone when the oPPV groups are excited versus 

direct excitation of quinacridone.  This enhancement will be a product of the energy 

transfer efficiency and the ratio of molar absorptivities of donor versus acceptor, with any 

discrepancies being due to non-radiative energy loss.   

In terms of synthesizing the oPPV groups, synthetic methodologies are already in 

place to tailor specific functionalities (electron donor/acceptor) to oPPV groups as well as 

to affect their band gap (and hence emission color) and solubility in common organic 

solvents.  By synthesizing these oPPV chromophores in a linear fashion, the conjugation 

length can be increased/decreased as necessary to increase/decrease the amount of 

spectral overlap with quinacridone, an important parameter in the Förster equation.  The 

intent is to synthesize dendrons of significant size to site-isolate the quinacridone while 

still remaining within the Förster radius.  In this way, efficient energy transfer is expected 

while still retaining a significant increase in PL efficiency as was seen with the tert-butyl 

quinacridone dendrimers 2.16-2.19. 

 Although effective site-isolation of quinacridone with oPPV terminated dendrons 

is anticipated, taking advantage of the site-isolation afforded by tert-butyl terminated 

dendrimers as well as incorporating efficient energy transfer pathways from oPPV groups 

would be ideal.  For this purpose, a mixture of dendrimers and polymers should be 

appropriate, with the polymers containing the donor group.  This specific polymer will be 

synthesized by appending oPPV chromophores with polymerizable groups (such as 
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methacrylates) followed by polymerization to create side-chain oPPV groups on a non-

conjugated polymer backbone.  To determine the generational effect of energy transfer 

between the polymer and dendrimers, blends of oPPV polymer and tert-butyl terminated 

dendrimers 2.16-2.19 can be made for solution and solid state measurements.  Comparing 

these results with oPPV/quinacridone host/guest dendrimers will reveal information 

regarding the necessity of the dendritic host/guest architecture on energy transfer.  The 

author hypothesizes that the dendrimer architecture will indeed prove necessary for 

efficient energy transfer based on literature examples citing the importance of dendrimer 

morphology on photophysical events. 

 

3.2 Synthesis of quinacridone cored dendrimers with peripheral oPPV groups 

3.2.1 Synthesis of oPPV groups and quinacridone cored dendrimers 

3.2.1.1 Bis(2-ethylhexyloxy) exterior 

The synthesis of the oPPV groups to be placed at the exterior of the dendrimer 

occurred in a linear fashion, beginning with the outermost ring containing solubilizing 

groups.  The initial choice for this solubilizing group was the 2-ethylhexyl group which 

was used for both solubility and non-aggregation properties (an isomeric mixture was 

used).  Only after much of the synthesis had been achieved was it realized that non-

aggregation on the periphery was not important if the oPPV groups were to be used 

strictly for energy transfer and not emission. 

 Synthesis of the 2-ethylhexyl oPPV group was achieved starting with readily 

available methyl 3,5-dihydroxybenzoate 3.8 which was coupled in a Williamson-ether 
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reaction with 1-bromo-2-ethylhexane in either acetone or DMF (DMF gave slightly 

higher yields) using potassium carbonate as the base. The resulting ester 3.9 was then 

reduced with lithium aluminum hydride in either diethyl ether or THF to give the benzyl 

alcohol 3.10.  This benzyl alcohol 3.10 was then oxidized using pyridinium 

chlorochromate to give the aldehyde 3.11 with no over-oxidation carboxylic acid product 

observed (Scheme 3.2). 
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Scheme 3.2  Synthesis of first ring of 2-ethylhexyl oPPV. 

 

Once the aldehyde 3.11 had been synthesized, it was coupled with a phosphonate 

ester 3.13 (Scheme 4).  This phosphonate ester 3.13 was prepared by refluxing a benzyl 

bromide 3.12 with triethylphosphite in a solventless reaction.  The phosphonate ester 3.13 

was used without purification in a Wadsworth-Horner-Emmons89,90 reaction with the 

previously synthesized aldehyde 3.11 to afford a stilbene ester/acid 3.14 (R’ = CH3, Et, 

tBu, H).  Although sodium hydride in THF worked well and in high yield for this 

reaction, it was determined that using potassium tert-butoxide reduced the reaction time 

considerably from seven days to several hours.  However, the potassium tert-butoxide 

reaction gave an inseparable mix of esters (methyl, ethyl and tert-butyl) arising from 
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transesterification as well as the carboxylic acid.  Purification was not necessary as all 

derivatives could be reduced with lithium aluminum hydride to give the stilbene benzyl 

alcohol 3.15 in high yield.  Oxidation of the benzyl alcohol 3.15 using pyridinium 

chlorochromate gave the stilbene aldehyde 3.16. 
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Scheme 3.3  Synthesis of 2-ethylhexyl oPPV electrophile. 

 

 The stilbene aldehyde 3.16 was then coupled with the previously synthesized 

phosphonate ester 3.13 to give the oPPV ester/acid mixture 3.17 (R’ = CH3, Et, tBu, H).  

Again, this step was initially attempted using sodium hydride in THF, and later potassium 

tert-butoxide in THF.  In addition to the long reaction times seen previously for this 

reaction, the sodium hydride approach suffered from other disadvantages.  This reaction 

was difficult to follow by TLC in several solvent systems, due to similar retention factors 

(Rf) of the product 3.17 (R’ = CH3) and the stilbene aldehyde 3.16 starting material.  
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Also, column chromatography was necessary to purify the methyl ester resulting in a 

43% yield.  In order to optimize the reaction conditions, a potassium tert-butoxide 

reaction was attempted.  As before, a mixture of products ensued.  However, it was 

unnecessary to separate these products since both esters and acid could be reduced to the 

benzyl alcohol 3.18 using lithium aluminum hydride.  The coupling reaction with 

potassium tert-butoxide was finished after 24 hours and the yield over the coupling and 

reduction steps was 92% compared to the 33% over both steps when using sodium 

hydride in THF.  Chlorination either by thionyl chloride or mesyl chloride provided the 

oPPV benzyl chloride electrophile 3.19. 

 In order to build up higher generations of oPPV periphery dendrons, a flexible 

spacer group was introduced between the oPPV moiety and the dendron subunit to 

provide extra solubility.  Initial attempts to couple methyl 3,5-dihydroxy benzoate with 

1,3-dibromopropane proved unsuccessful due to small amounts of elimination product 

that could not be removed by standard chromatographic separation.  Therefore α,α’-

dibromoxylene was chosen in place of the 1,3-dibromopropane, in hopes that the addition 

of only two methylene residues would provide the additional solubility that was needed.  

However, the synthetic strategy required alteration since the electrophilicity at the focal 

point of the oPPV group no longer matched up with the electrophilic benzyl bromide of 

the spacer group.  A nucleophilic focal point was needed for the oPPV groups to couple 

to the spacer.  A phenol group was chosen as the nucleophilic focal point since electron 

donation from the conjugated rings should make the phenol group strongly nucleophilic 

when deprotonated. 
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 In order to synthesize the oPPV phenol, the stilbene benzyl alcohol 3.15 needed to 

be transformed into a phosphonate ester.  This was accomplished by first chlorinating 

with thionyl chloride to give 3.22 followed by refluxing in triethylphosphite to give the 

phosphonate ester 3.23 (Scheme 3.4).  The Horner-Emmons reaction was originally 

attempted without first protecting the phenol on the benzaldehyde.  However, only 

starting material was recovered from these reactions.  In the interest of achieving higher 

yields of the Horner-Emmons reactions, 4-hydroxy benzaldehyde needed to be protected.  

Several protecting groups were used such as triisopropylsilyl (TIPS) tert-

butyldiphenylsilyl (TPDPS) group, allyl, and finally a tetrahydropyran (THP) group to 

give 3.21.  Only the THP group could be removed after the coupling, and this was 

achieved by refluxing in 1N HCl and methanol yielding oPPV 3.24 in 66% after coupling 

and deprotection. 
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Scheme 3.4  Synthesis of nucleophilic 2-ethylhexyl oPPV. 

 

 With the nucleophilic oPPV 3.24 in hand, synthesis of higher generations was 

then possible.  In keeping with a convergent synthesis, each oPPV group 3.24 was 

attached to the masked spacer 3.25, methyl (4-bromomethyl)benzoate, followed by 

reduction with lithium aluminum hydride to give the alcohol 3.26.  Subsequent 

chlorination using thionyl chloride yielded 3.27 (Scheme 3.5).  Coupling of 3.27 with 

methyl 3,5-dihydroxybenzoate 3.8 yielded the [G1] dendron 3.29 which could be reduced 

to the alcohol 3.30 and then subjected to mesylation conditions.  This reaction was 

worked up once TLC indicated complete disappearance of starting alcohol 3.30.  It was 

found that the products were a mixture of mesylate 3.31 and chloride 3.32 products.  
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However, since both of these compounds were electrophiles, the material was carried on 

for further reaction with quinacridone without purification. 
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Scheme 3.5  Synthesis of 2-ethylhexyl [G1] dendron. 
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 Synthesis of the quinacridone dendrimers 3.34 and 3.35 was undertaken using the 

same conditions described in Chapter 2 for the benzyl- and t-butyl terminated 

quinacridone dendrimers (Scheme 3.6).91  Similar problems were encountered such as 

over-alkylation of the oPPV groups onto the quinacridone rings.  Again, high temperature 

(80 °C) was the likely culprit.  However, unlike in Chapter 2, the problem was realized 

immediately due to GPC traces and mass spectrometry data, and efforts were made to 

purify the dendrimers.  Typical purification procedures included column chromatography 

by dryloading followed by precipitation into methanol from dichloromethane.  

Representative column fractions were analyzed by GPC, and often several columns were 

necessary to achieve complete product purity.  It was also determined that gravity 

columns (using flash silica gel) achieved better separation than high pressure flash 

columns.  These purification efforts were rewarded for both 3.34 and 3.35 which 

eventually showed clean GPC traces with no over-alkylation observed by mass 

spectrometry.  Dendrimer 3.34 passed elemental analysis.  However, several attempts for 

3.35 have proven unsuccessful. 
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Scheme 3.6  Synthesis of 2-ethylhexyl quinacridone [G0] and [G1] dendrimers. 

 

3.2.1.2 Bisdodecyloxy exterior 

One of the major drawbacks encountered during the synthesis of oPPV bearing 2-

ethylhexyl substituents on the periphery was that each step produced an oil which could 

only be purified by column chromatography.  Additionally, solubility became a problem 

when higher generations were sought.  Therefore, it became necessary to introduce a 
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different group onto the exterior of the oPPV moiety to overcome both solubility 

problems and purification difficulties.  The approach to this problem included replacing 

the 2-ethylhexyl group with dodecyl on the periphery of the oPPVs.  As mentioned 

previously, the choice of 2-ethylhexyl as the solubilizing group was governed by the 

desire to keep the chromophores from aggregating at the periphery of the dendron.  

However, this became a low priority once it was realized that for purely energy transfer 

purposes (and not emission) some aggregation of chromophores is not detrimental.  

Therefore, the synthesis began with readily available starting materials in a manner akin 

to the synthesis of the 2-ethylhexyl oPPV groups.  It should be noted that the same 

dodecyl oPPV groups were synthesized around the same time in a different manner by 

Eckert et al.92 with yields that are comparable to those reported here. 

 Synthesis of the dodecyl oPPV groups followed the 2-ethylhexyl synthesis almost 

exactly.  Due to the ability to recrystallize all steps of the dodecyl oPPV synthesis, large 

quantities could be made in a short amount of time and relatively high yield.  Starting 

with methyl 3,5-dihydroxybenzoate 3.8, the dodecylated one-ring ester 3.36 was formed 

by Williamson-ether coupling with 1-bromododecane (Scheme 3.7).  While this reaction 

appeared quite straightforward, problems of C-alkylation at the 4-position nearly always 

arose.  Although the C-alkylated product could be removed by recrystallization, often 

several recrystallizations were necessary to remove all of the impurity.  However, it was 

found that if 18-crown-6 is omitted from the reaction conditions, no C-alkylation takes 

place, and the product 3.36 was quite pure after only one recrystallization.  Once pure, 

the ester 3.36 was reduced using lithium aluminum hydride to give the alcohol 3.37 



 202 

which was then oxidized with pyridinium chlorochromate to afford the aldehyde 3.38, a 

necessary component for Wadsworth-Horner-Emmons coupling with the previously 

synthesized phosphonate ester 3.13.  The stilbene ester/acid 3.39 was again taken on 

without purification in a reduction step to yield the stilbene benzyl alcohol 3.40 which 

was oxidized to the aldehyde 3.41.  Further coupling with the phosphonate ester 3.13 

yielded the oPPV ester/acid mixture 3.42.  Reduction to give the alcohol 3.43 followed 

by chlorination with thionyl chloride yielded the oPPV chloride 3.44.  Recrystallization 

from hexanes afforded 3.44 as yellow needle-like crystals in high yield.  At this point, 

enhanced solubility was seen of our dodecyl oPPV group over the 2-ethylhexyl one, and 

therefore the homologation was continued without introducing a spacer group.  As there 

was no need for a nucleophilic focal point for further reaction with methyl 3,5-

dihydroxybenzoate, the synthesis of a dodecyl oPPV group with a phenol focal point was 

not originally pursued, as it was for the 2-ethylhexyl oPPVs.  Successful coupling of the 

chloride 3.44 with methyl 3,5-dihydroxybenzoate 3.8 afforded the [G1] ester 3.45 in good 

yield.  Reduction to give the alcohol 3.46 followed by a reaction with thionyl chloride 

yielded the chloride 3.46, which was then ready for coupling with quinacridone. 
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Scheme 3.7  Synthesis of dodecyl oPPV [G0] and [G1] dendrons. 

 

 Unlike the 2-ethylhexyl oPPV quinacridone dendrimers 3.34 and 3.35, conditions 

were sought for dodecyl oPPV and quinacridone coupling which would eliminate the 

undesired over-alkylation impurities that are difficult to remove.  KOH in DMSO heated 

to only 55 °C was found to be ideal for the synthesis of these dendrimers, although there 

was some difficulty with the [G1] dendrimer due to only partial solubility of the [G1] 
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chloride 3.47 in DMSO (Scheme 3.8).  These conditions provided dendrimers 3.48 and 

3.49 (albeit in low yield) which could be purified by a single column chromatography 

step (dryloaded) followed by precipitation into methanol from a chlorinated solvent such 

as CH2Cl2 or CHCl3.  
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Scheme 3.8  Synthesis of dodecyl [G0] and [G1] oPPV quinacridone dendrimers. 
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3.3 Synthesis of oPPV side-chain poly(methyl methacrylate) 

3.3.1 Synthesis of dodecyl oPPV phenol 

As mentioned in the research goals, there is an interest in investigating the 

structural requirements for energy transfer, namely, whether the dendritic architecture is 

necessary for efficient Förster energy transfer.  The tools determined necessary for this 

comparative experiment included a linear polymer containing the host (oPPV) 

chromophore that can be intimately mixed with guest (QD) dendrimers reported in 

Chapter 2.  The task then became to design and synthesize a linear polymer containing 

isolated oPPV groups either in the side-chain or the main-chain.  The ability to use oPPV 

groups already synthesized (or that could be easily prepared from existing components) 

as well as produce a soluble, processible polymer was desirable, and therefore, utilizing 

side-chain oPPV groups on a methyl methacrylate polymer became the goal.  In order to 

accommodate a flexible spacer, a nucleophilic focal point of oPPV was deemed 

necessary.   

Similar to the synthesis of 2-ethylhexyl oPPV phenol 3.24, preparation of the 

dodecyl oPPV phenol began with the previously-made stilbene alcohol 3.40 was 

chlorinated to yield the chloride 3.50.  This chloride 3.50 underwent a reaction with 

triethylphosphite to yield the phosphonate ester 3.51 (Scheme 3.9).  The phosphonate 

ester 3.51 was then combined with THP-protected 4-hydroxybenzaldehyde 3.21 followed 

by THP deprotection to yield the nucleophilic oPPV phenol 3.52.  This nucleophilic 

group was then coupled with 3-chloropropanol, used as a solubilizing spacer, to afford 

3.54.  Coupling with a large excess of methacrylic acid using excess 1,3-
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dicyclohexylcarbodiimide (DCC) with catalytic N,N-dimethylaminopyridine (DMAP) 

and 4Å molecular sieves in THF yielded the monomer 3.56.  This monomer was then 

copolymerized with methyl methacrylate using atom-transfer radical polymerization 

(ATRP) conditions93,94 which include a copper(I) source, here copper(I) bromide, 2,2’-

bipyridine as a ligand, and methyl 2-bromopropionate as the initiator.  Copolymerization 

is ideal as methyl methacrylate can act as the solvent if used in excess.  The molar feed 

ratio for this copolymer was 1:100 monomer 3.56 to methyl methacrylate. 
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Scheme 3.9  Synthesis of nucleophilic dodecyl oPPV phenol 3.52 and side-chain oPPV poly(methyl 
methacrylate) 3.58 
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Preliminary experiments (prior to side-chain oPPV polymerization) were 

performed to ensure that ATRP conditions would not act upon the double bonds in the 

oPPV group.  This was explored by polymerizing methyl methacrylate several times by 

ATRP conditions while doping in an increasing amount of methoxy-capped oPPV (0.1, 

0.2, 0.4, 1.0, 5.0%) to see if changes in molecular weight (number and weight average, 

Mn and Mw) or polydispersity index (PDI) would result.  The methoxy-oPPV group was 

synthesized by a Wadsworth-Horner-Emmons coupling between the stilbene phosphonate 

ester 3.23 and 4-methoxybenzaldehyde (3.59).  GPC traces of the methyl methacrylate 

polymers revealed that doping had no effect on any parameters with giving consistent 

PDI values between 1.38 and 1.41.  All polymers were characterized by 1H NMR 

spectroscopy as well, and only revealed residues due to the methyl methacrylates.  No 

presence of the oPPV group was detected after polymerization and work-up.  This was 

confirmed by the lack of fluorescence of the polymer, both in solution and in the solid 

state, when held under a UV (365 nm) hand-held lamp.  Since the ATRP conditions did 

not affect the double bonds of the oPPV groups, these conditions were deemed useful for 

our polymerizations. 
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Scheme 3.10  Synthesis of methoxy-capped 2-ethylhexyl oPPV 3.60 
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3.4 Synthesis of methoxy-capped oPPV for electrochemical analysis 

To avoid any interference between the electrode and hydroxy groups on the oPPV 

in the electrochemistry experiments performed by Ware H. Flora, oPPV was methoxy-

capped by simple methylation of 3.18 to afford 3.61.  The application of this compound 

in electrochemical analysis will be reviewed in Section 3.8. 

 

3.18

NaH, THF
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Scheme 3.11  Synthesis of methoxy-capped oPPV 3.61 

 

3.5 Structural characterization of oPPV/quinacridone dendrimers and polymer 

3.5.1 1H and 13C NMR spectroscopy 

Dendrimers 3.34, 3.35, and 3.49 were characterized by 1H NMR in CD2Cl2 

instead of CDCl3 because of overlap that occurs between a proton of quinacridone and 

the residual chloroform solvent peak at 7.24 ppm.  However, the 1H NMR spectrum of 

3.48 was taken in CDCl3 despite potential overlap problems due to another, more 

significant, overlap between the benzyl peaks of the oPPV group and the residual 

dichloromethane peak.  As in Chapter 2, disubstitution of quinacridone was evident by 

the appearance of only five quinacridone proton residues, which implies a symmetrically 

substituted molecule (there are ten protons on the quinacridone core).  Similar to what 

was observed for previous quinacridone-cored dendrimers, peak broadening occurred 
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when concentrations were not kept sufficiently low (~1mg/mL).  Polymer 3.58 was also 

characterized by 1H NMR in CDCl3.  Peaks representing both components (methyl 

methacrylate and oPPV methacrylate) of the copolymer can be resolved.  The aromatic 

protons of the oPPV side chains are easily identified as well as those for the propyl spacer 

appearing at ~3.5 to 4.5 ppm.  The remaining dodecyl protons (<3 ppm) are overlapping, 

and therefore difficult to distinguish from the polymer backbone peaks.  Through analysis 

of the integration ratios it was estimated that the ratio of the number of methyl 

methacrylate components to oPPV methacrylates units within the polymer 3.58 is 83 to 1.  

The molar feed ratio of these two components was 100:1. 

 A 13C NMR spectrum was only obtained for dendrimer 3.34 because of the 

experimental time necessary to visualize all the peaks.  This is likely due to the limited 

solubility of the dendrimers in deuterated solvent.  For this particular dendrimer 3.34 

nearly 50,000 scans were required.  Attempts to obtain 13C NMR spectra for the other 

dendrimers were unsuccessful. 13C NMR spectroscopy on the polymer 3.58 was also 

impractical, since only methyl methacrylate residues were observed (due to their large 

excess in comparison to the oPPV methacrylate group).  Attempts to increase the polymer 

concentration in CDCl3 resulted in a viscous solution, which is unusable for NMR due to 

the inability of the molecules to freely diffuse. 

3.5.2 Gel permeation chromatography (GPC) 

As with the synthesis of the quinacridone dendrimers, GPC proved an invaluable 

tool for evaluating the extent of substitution and purity of the dendrimers.  Since the 

difference between mono- and disubstituted products are at least 500 molecular weight 
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units, these differences result in large enough hydrodynamic volumes that both 

compounds are distinguishable by GPC.  Theoretically, the reaction progress could be 

monitored by GPC until no more monosubstituted product existed.  However, insolubility 

of both the quinacridone starting material and any monosubstituted products in common 

organic solvents prevented their injection into the GPC instrument.  Monitoring the 

disappearance of oPPV during the reaction was also not particularly useful since a large 

excess was needed to drive the reaction to completion.  However, GPC did provide 

necessary information regarding the purity of the product, more specifically, whether any 

over-alkylation had taken place and whether it was removed during each purification 

step.  Often representative column fractions were analyzed by GPC.  In fact, it was the 

GPC analysis of crude quinacridone dendrimers that caused the exploration of  

KOH/DMSO at 55 °C for alkylation conditions in order to avoid any formation of 

impurities.  For example, Figure 3.1(A) shows the GPC traces of dendrimer 3.48 

synthesized under 50% NaOH/nBu4NI/toluene/80 °C conditions and under 

KOH/DMSO/55 °C conditions after one purification step each.  It can be clearly seen that 

the amount of over-alkylated product in the second set of conditions is much smaller than 

when NaOH is employed as the base.  The GPC traces of all dendrimers in their purest 

forms are shown in Figure 3.1(B).  Despite numerous purification attempts, dendrimer 

3.49 does not appear pure by GPC as evident by a shoulder peak preceding the primary 

peak.  This is indicative of a higher molecular weight impurity.  However, none was 

detected by mass spectrometry.  The 1H NMR spectrum of this compound likewise 

showed no impurities.  Initially the shoulder peak was thought to be due to aggregation of 
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the dendrimer in solution.  However, serial dilution did not remove the peak.  Currently, 

it is still unclear what the impurity is and how it might be removed. 

 

 

Figure 3.1  GPC traces of, (A) dendrimer 3.48 synthesized with NaOH or KOH as the base, (B) purified 
dendrimers 3.34, 3.35, 3.48, 3.49. 

(B) 

(A) 
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 A GPC trace of polymer 3.58 showed a single broad peak (monomodial) when 

monitoring at 363 nm (or 254 nm), which eluted from 18 to 26 minutes.  Upon 

comparison to linear polystyrene standards, the number average molecular weight (Mn) 

was estimated to be ~57K, the weight average molecular weight (Mw) ~110K, which 

provided a polydispersity index (Mw/Mn) of 1.93.  While the polydispersity obtained is 

slightly higher than that of PMMA previously synthesized by the author using ATRP 

(~1.4), the molecular weights (Mn and Mw) fall within the ranges of what was previously 

observed. 

 

 

Figure 3.2  GPC trace of polymer 3.58 
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3.5.3 Mass spectrometry and elemental analysis 

Dendrimers 3.34, 3.35, 3.48, and 3.49 were all analyzed by mass spectrometry 

using matrix assisted laser desorption/ionization (MALDI) in a dithranol matrix.  For 

dendrimer 3.34, in addition to the molecular ion peak, strong peaks were also observed 

for the loss of one oPPV group (m/z 861), the oPPV group itself (m/z 565) and the oPPV 

group minus a methylene (m/z 551).  Peaks representing the monosubstituted fragment 

were also seen for the benzyl- and t-butyl-terminated dendrimers 2.13-2.19.  Dendrimer 

3.35 likewise showed peaks that corresponded to the loss of one oPPV (m/z 2631), two 

oPPVs (m/z 2077) and monosubstitution (m/z 1746).  The loss of oPPV groups in these 

dendrimers is not surprising since the oPPV groups themselves potentially stabilize 

radicals at their focal point through conjugation.  After several months, repetition of these 

experiments confirmed that the amount of oPPV present in the mass spectrum does not 

fluctuate with time, indicating that although these dendrimers fragment easily during 

analysis, the stability of the individual oPPV groups does not exacerbate any degradation 

of the dendrimers that might be taking place.  In fact, the shelf-life of these dendrimers 

can be greater than three years in some cases.  MS analysis of dendrimer 3.48 showed 

only monosubstitution (m/z 973) with no evidence of the oPPV group, which indicated 

that fragmentation only occurs at the N-C bond and in one specific way.  Similarly, 

analysis of dendrimer 3.49 demonstrated loss of one (m/z 2545), two (m/z 1880), and 

three (m/z 1095) oPPV groups and monosubstituted quinacridone (m/z 1759). 

Even though these dendrimers did not possess the higher molecular weight 

impurities that were observed in dendrimers 2.13-2.19, elemental analysis of their C, H, 
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and N content only returned passing results (within 0.4% for each element) for dendrimer 

3.34, with dendrimers 3.35, 3.48, and 3.49 failing to come within the range of acceptable 

error.  It was hypothesized that trapping of solvent molecules between the dendrimers 

appears may be the reason that these dendrimers are not analytically pure. 

 

3.6 Photophysical characterization of energy transfer dendrimers 

3.6.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy 

The spectroscopic properties of dendrimers 3.34, 3.35, 3.48, and 3.49 were 

studied by UV/Vis and PL spectroscopy in chloroform solutions to determine: (a) molar 

absorptivities, (b) quantum yields, (c) energy transfer efficiencies, and (d) amplified 

antennae effect values.  The quantitative results are presented in Table 3.1 and Table 3.2 

along with the corresponding molecular weights. 

 

Table 3.1  Photophysical characterization data for dendrimers 3.34, 3.35, 3.48, 3.49 

 
Dendrimer 

MW 
(g/mol) 

λmax, Abs
a  

(nm) 
10-4 ελmax

a 

(M-1 cm-1) 
λmax, PL 
(nm) 

 
Φ fl

b 
DIQA, 1.84d 452.59 524 1.79 537 0.85 

2EH[G0], 3.34 1413.98 513 1.89 526 1.00 
2EH[G1], 3.35 3184.37 513 1.84 527 0.96 
C12[G0], 3.48 1638.41 513 1.87 526 1.00 
C12[G1], 3.49 3208.73 513 1.86 527 0.92 

 
a In quinacridone region 450-550nm 
b Measured versus a fluorescein standard (Φfl = 0.95) in a 0.1 M NaOH aq. solution 
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 Molar absorptivity values (ελmax) at the maximum quinacridone absorbance 

wavelength (513 nm) for dendrimers 3.34, 3.35, 3.48, and 3.49 were calculated using the 

slope of the Beer’s Law plot of each dendrimer in chloroform solutions (see eq. 2.1 and 

2.2).  All ελmax values appear slightly higher for the dendrimers than for either DIQA or 

any previously observed dendrimers.  An explanation for the larger ελmax values for [G0] 

dendrimers 3.34 and 3.48 is that extended conjugation results from the close proximity of 

the oPPV groups to quinacridone.  Also, for all dendrimers here, the serial dilutions 

needed to construct Beer’s Law plots were prepared by weight measurements rather than 

volume, as in the previous chapter, and therefore, the values were more accurate because 

they were obtained using an analytical balance rather than volumetric pipettes, which 

have a greater amount of error.  All R2
 values, which indicate the straightness of the line, 

were unity, indicating excellent precision in the measurement.  The Beer’s Law plots 

obtained were all linear up to 10-3 M, indicating no measurable aggregation in chloroform 

solution of any of the dendrimers.  As in Chapter 2, the absorbances of higher 

concentrations of dendrimers were unable to be measured due to the inherent high ελmax 

values which extended the absorbance beyond the instrument’s linear region.  

Measurements in more polar solvents were not performed because of difficulties with 

solubility (dendrimers were found to be  only soluble in chlorinated solvents). 

 Fluorescence quantum yields measurements were taken using a fluorescein 

standard as a reference, previously described in Section 2.4.1.1, and as ca. 10-6 M 

chloroform solutions.  All of the dendrimers showed high quantum yields similar to the t-

butyl terminated dendrimers 2.16-2.19 discussed in Chapter 2, indicating enhanced site-
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isolation afforded to the quinacridone cores by the oPPV dendrons.  Interestingly, the 

higher generation dendrimers 3.35 and 3.49 showed lower quantum yields than their [G0] 

counterparts.  However, these values are within experimental error of each other.  

Quantum yield measurements are particularly sensitive to the absorbance measurements 

of the reference dye and dendrimer (see eq. 2.3) and any small errors in these 

measurements, even as little as 0.001 absorbance units, can affect the quantum yield 

measurement by as much as 10%.  In addition, the standard deviations for the quantum 

yields for dendrimers 3.35 and 3.49 are ±0.14 and ±0.10, respectively, which are 

somewhat large. 

 The absorbance and emission spectra of the energy transfer dendrimers are shown 

in Figure 3.3 displaying only the quinacridone region.  The absorbance spectra shown in 

Figure 3.3(A) are plots of molar absorptivity versus wavelength in chloroform solutions.  

All of the dendrimers are blue-shifted 11 nm relative to DIQA and the molar 

absorptivities are likewise greater by 2-6%.  The spectral profiles of all of the dendrimers 

are similar to that of DIQA, indicating similar solution behavior. 

 The PL spectra of the energy transfer dendrimers were obtained using dilute (ca. 

10-6 M) chloroform solutions excited at 480 nm, and are shown in Figure 3.3(B) along 

with DIQA as a reference.  All of the energy transfer dendrimers are blue shifted 

approximately 11 nm relative to DIQA, giving identical Stokes shifts for the dendrimers 

and DIQA.  However, some differences in spectral profiles were observed.  As with 

dendrimers 2.13-2.19, the relative intensity of the shoulder band at ca. 565 nm is lower in 

the energy transfer dendrimers than in DIQA.  As shown previously in Figure 2.5(B), the 



 218 

relative intensity of the shoulder band decreased when changing from benzyl-terminated 

to t-butyl-terminated dendrimers, and decreased further for tBu[G3] 2.19.  The energy 

transfer dendrimers show nearly identical profiles to the tBu[G3] dendrimer 2.19, thus 

exhibiting a less intense shoulder band than DIQA.  Although the intensity of this 

shoulder band is thought to decrease with decreasing amounts of excimer emission (even 

in dilute solution), a complete understanding of how these changes are occurring is still 

unknown.   
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Figure 3.3  Solution (A) molar absorptivity and (B) normalized photoluminescence spectra (excitation 480 
nm) for energy transfer dendrimers 3.34, 3.35, 3.48, and 3.49 in chloroform. 

 

 Photophysical characterization data in the oPPV region is presented in Table 3.2 

for the energy transfer dendrimers, polymer 3.58, and several model compounds. 

(A) 

(B) 
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Table 3.2  Photophysical characterization data in the oPPV region (300-450 nm) 

 
Compound 

MW 
(g/mol) 

λmax, Abs
a  

(nm) 
10-4 ελmax

b 

(M-1 cm-1) 
10-4 ελmax

b/oPPV 
(M-1 cm-1) 

λmax, PL
c 

(nm) 
2EH[G0], 3.34 1413.98 361 11.7 5.85 526 
2EH[G1], 3.35 3184.37 365 26.3 6.58 526 

3.61 582.87 361 6.30 6.30 421 
C12[G0], 3.48 1638.41 361 13.1 6.55 525 
C12[G1], 3.49 3208.73 361 27.0 6.75 527 

3.43 681.06 361 6.40 6.40 418 
Polymer 3.58 9691.59 365 7.03 7.03 426 

3.54 725.11 365 7.00 7.00 422 
 

a In oPPV region 300-450 nm 
b At oPPV λmax (361 or 365 nm) 
c Excitation at 360 nm 
 

 Molar absorptivity values for the energy transfer dendrimers in the oPPV region 

of the absorbance spectra were extracted from the slope of Beer’s Law plots using the 

same chloroform solutions that were previously employed for determining the 

quinacridone region’s molar absorptivity values.  The λmax (ca. 360) and molar 

absorptivity, ελmax, correlate to what has been previously observed for 3-ring oPPV 

groups possessing various substitutents.36,51,92,95  If the calculated molar absorptivity 

values for the oPPV region are divided by the total number of oPPV groups in the 

dendrimer, comparisons can be made between the dendrimers and the model compounds.  

There is a slight increase in molar absorptivity for the dodecyl oPPV compounds in 

comparison to the 2-ethylhexyl oPPVs (0.1 x 10-4 M-1cm-1 for the models), which can be 

seen both in Table 3.2 and Figure 3.4 for the [G0] dendrimers as well as the model 

compounds.  For all three of the systems studied (2-ethylhexyl, dodecyl, and polymeric), 

the molar absorptivity values scale with the number of oPPV groups and correlate well to 
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their model compounds.  This indicates that there is little or no cooperativity or 

interaction between the oPPV groups that might result in formation of dimers or trimers, 

which was seen when oPPV groups were arranged around a calix[4]arene core.51  In this 

particular case, the interaction between the oPPV groups resulted in a lower molar 

absorptivity value per oPPV group than what was observed for the oPPV alone. 

Dendrimers appended with oPPV groups at the periphery, such as those utilized by 

Meijer and coworkers in their non-covalent energy transfer studies,17 show some 

interaction between oPPV groups when 16 or 64 oPPV groups were present.  However, 

the decrease in molar absorptivity per oPPV group was not significant  

(4.6 x 10-4 M-1cm-1/oPPV for (oPPV)4[G1] versus 3.5 x 10-4 M-1cm-1/oPPV for 

(oPPV)64[G5]). 

 Slightly higher molar absorptivity values were observed for the polymer 3.58 and 

model compound 3.54 than for the 2-ethylhexyl or dodecyl oPPVs.  This is due to 

additional conjugation at the focal point where the polymer 3.58 and model 3.54 possess 

a phenol instead of a benzyl alcohol which is present in the other two types of 

compounds.  The molar absorptivity value reported for polymer 3.58 was actually 

calculated based on the model 3.54 and the absorbance spectrum.  Using the integrations 

from the 1H NMR spectrum, the ratio of oPPV methacrylate units to methyl methacrylate 

units in the polymer was calculated to be 1:83.  From this ratio, a molecular weight of 

9191.00 g/mol could be calculated which would give a molar absorptivity value of 6.67 x 

10-4 M-1cm-1.  This calculation is based on the assumption that every polymer chain 

consists of exactly one oPPV methacrylate and 83 methyl methacrylates and contains an 
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initiator fragment and a hydrogen cap.  The calculated molar absorptivity differs from the 

model 3.54 by 0.37 x 10-4 M-1cm-1, which is feasible considering the variances seen 

between the energy transfer dendrimers and their corresponding models.  However, since 

the number of oPPV groups in the polymer is small relative to the number of 

methacrylate groups thus preventing any aggregation from occurring, and since there are 

no other photoactive chromophores present in the polymer to influence the molar 

absorptivity value of the oPPV groups, it seemed unlikely that the molar absorptivity 

value would vary much from the model compound 3.54.  Therefore, a molecular weight 

for the polymer chain was calculated based on an integer ratio of oPPV methacrylate to 

methyl methacrylate that would give a molar absorptivity value as close to the model 

3.54 as possible.  This ratio was found to be 88:1 methyl methacrylate units to oPPV 

methacrylate units.  Hence, the molar absorptivity value reported for polymer 3.58 should 

not be taken as a true value, but as a derived one.  

The λmax, Abs for the energy transfer dendrimers (except 3.35) and polymer 3.58 

correlate exactly to the model compounds, indicating that the attachment of the oPPV 

group to the dendrimer does not affect the absorption properties of the oPPV group.  The 

absorbance spectral profiles of all of the compounds can be found in Figure 3.4.  All of 

the dendrimers possess a similar profile in the oPPV region, with a shoulder band (ca. 

385 nm) that is ca. 60% as intense as the λmax.  The quinacridone band at 295 nm is 

present for only the energy transfer dendrimers. 
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Figure 3.4  Molar absorptivity spectra of energy transfer dendrimers, polymer 3.58 and model compounds 
in chloroform 

 
 

 One of the requirements for efficient Förster energy transfer is a non-zero spectral 

overlap between the emission of the donor and the absorbance of the acceptor.  To assess 

whether the 2-ethylhexyl oPPV group would be sufficient for energy transfer to 

quinacridone, the amount of spectral overlap between two model compounds, oPPV 3.61 

and DIQA 1.84d, was measured and is shown as the shaded region in Figure 3.5.  When 

these two compounds are used as model donor/acceptor chromophores, the Förster 

radius, which is the distance at which energy transfer efficiency is 50%, was calculated to 

be 29 Å.  This distance is greater than the distance between the oPPV groups and 

quinacridone in all of the energy transfer dendrimers presented here, and thus the 

chromophore distance is an unlikely cause for any low energy transfer efficiencies. 
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Figure 3.5  Spectral overlap between oPPV 3.61 and DIQA 

 

 While the excitation of the model oPPV compounds 3.61 and 3.43 at 350 nm 

results in emission solely from the oPPV groups (ca. 420 nm), excitation of the energy 

transfer dendrimers at 350 nm results in primarily quinacridone emission with a λmax, PL 

of ca. 526 nm.  This λmax, PL is nearly the same as what was observed for the dendronized 

quinacridones in Chapter 2.  This is a result of energy transfer from the oPPV groups on 

the periphery of the dendrimer to the quinacridone core.  The PL spectra of all energy 

transfer dendrimers and the model compounds, excited at 360 nm, are shown in Figure 

3.6.  The model oPPVs 3.61 and 3.43 exhibit emission in the blue region of the spectra 

with a λmax, PL of ca. 420 nm.  However, the energy transfer dendrimers emit green light 

with a λmax, PL of 513 nm and possess a profile identical to that observed when excitation 

of the quinacridone moiety occurs (excite 480 nm).  An exception is 3.49, whose profile 
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differs slightly due to an increased shoulder band at ca. 565 nm.  Although, as mentioned 

previously, the exact reason for a variation in this band in unclear, an increase in the band 

intensity is thought to be due to a greater amount of excimer formation, giving rise to an 

increased intensity of red-shifted emission.  The reason why only dendrimer 3.49 shows 

this increase in excimer emission is also unclear as the increase in the red-shifted 

emission was not present in the same solution when excited at 480 nm.   

In studies of all of the energy transfer dendrimers, a small amount of emission 

from the oPPV groups in the dendrimer is observed, indicating that energy transfer 

efficiency is not quantitative in these cases.  However, emission predominantly occurs 

from the quinacridone core, indicating Förster energy transfer is taking place at high 

efficiency.   

  

 

Figure 3.6  Photoluminescence spectra in chloroform of energy transfer dendrimers and model compounds 
when excited at 360 nm 
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Energy transfer efficiency, or ΦET, can be calculated by several different 

methods.21  The first method compares the absorption and excitation spectra for any 

given dendrimer after normalizing the spectra at the λmax of the acceptor.  This method is 

often unreliable since it requires the use of different instrumentation.  The second method 

involves the comparison of the emission spectrum of the acceptor in the dendrimer with 

the emission spectrum of a model acceptor such as DIQA.  However, these calculations 

simplify only if the dendrimers and model compound have the same fluorescence 

quantum yields, Φfl, which is not the case for DIQA and the energy transfer dendrimers 

presented here.  The third method, and the one that will be used here, is to monitor the 

fluorescence of the donor with and without the presence of the acceptor.  The efficiency 

of energy transfer can then be determined from the following eq 3.4:2,21 
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where IDend and IModel are the corrected integrated emission spectra over the region of 

donor fluorescence of the dendrimer and model compound, respectively, when excited 

into the donor band, and ADend and AModel are the absorbances of the dendrimer and model 

compound, respectively, at the wavelength of excitation.  By utilizing this method, 
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energy transfer efficiencies were calculated for all energy transfer dendrimers and are 

summarized in Table 3.3. 

 

Table 3.3  Energy transfer efficiencies for dilute chloroform solutions of energy transfer dendrimers 

 
Compound 

MW 
(g/mol) 

λmax, Abs  
(nm) 

 
A(360nm) 

 
I(370-480nm) 

 
ΦET 

2EH[G0], 3.34 1413.98 361 0.0935 3.85 x 105 0.998 
2EH[G1], 3.35 3184.37 365 0.2113 2.37 x 107 0.967 

3.61 582.87 361 0.0135 4.41 x 107  
3.30 1454.01 365 0.0872  2.96 x 108  

C12[G0], 3.48 1638.41 361 0.0463 8.66 x 105 0.986 
C12[G1], 3.49 3208.73 361 0.0392 1.78 x 107 0.738 

3.43 681.06 361 0.0425 5.76 x 107  
3.46 1466.19 360 0.0053 9.18 x 106  

 

 

 From this data, it is clear that all energy transfer dendrimers with the exception of 

3.49 are transferring energy efficiently from the oPPV groups to the quinacridone core.  

The reasons for the poor energy transfer in the case of 3.49 are unclear, but are perhaps 

related to its impurity as noted by GPC traces.  These measurements were rigorously 

confirmed by several trials and all numbers agree to ± 5%. 

 In addition to energy transfer from the oPPV groups to the quinacridone in the 

dendrimers, an antennae effect is also observed when the oPPV groups are excited versus 

direct excitation of the quinacridone.  This ratio of sensitized emission, Emsens, to direct 

emission, Emdir, can be calculated from eq. 3.3 if the ratio of molar absorptivities is 

known for the donors and acceptors as well as the quantum yield for energy transfer, ΦET.  

The calculated value is then compared to the observed value, taken from the ratio of the 
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emission intensities when the oPPV or quinacridone moieties are excited, giving Isens and 

Idir, respectively.  The non-normalized plots for a representative energy transfer 

dendrimer is shown in Figure 3.7 and the calculated and observed antennae effect results 

for all dendrimers are summarized in  

 

Table 3.4. 

 

Table 3.4  Antennae effect data for dilute chloroform solutions of energy transfer dendrimers 

 
Compound 

 
ΦET 

10-4 ε (363) 
(M-1cm-1) 

10-4 ε (490) 
(M-1cm-1) 

Calculated 
Emsens/Emdir 

Observed 
Isens/Idir 

2EH[G0], 3.34 0.998 11.8 0.91 12.9 11.7 
2EH[G1], 3.35 0.967 26.1 0.86 29.3 29.6 
C12[G0], 3.48 0.986 13.1 1.18 11.0 7.13 
C12[G1], 3.49 0.738 27.0 1.05 18.9 10.3 
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Figure 3.7  Antennae effect of 3.34 in chloroform solution when excited at 363 nm (solid line) and 490 nm 
(dashed line) 

 

 The antennae effect results from the 2-ethylhexyl dendrimers indicate that the 

equation developed earlier (eq. 3.3) accurately predicts the amount of sensitized versus 

direct emission expected.  Observed data is within 10% of the calculated antennae effect 

for dendrimers 3.34 and 3.35.  Also, the antennae effect does not seem to dissipate in the 

higher generation as has been seen by Fréchet and coworkers4 in their dendritic coumarin 

systems (see Figure 1.12).  However, it is noteworthy that the generations presented here 

are fairly small compared with the higher generations of the coumarin dendrimers, and 

therefore, a decrease in both energy transfer and antennae effect is not expected in the 

oPPV/quinacridone dendrimers until later generations.  For the dodecyl dendrimers 3.48 

and 3.49 the agreement of the observed antennae effect with the calculated value is not as 

good.  In fact, what is observed for 3.48 is only 54% of what is calculated, while 3.49 is 
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slightly higher at 65%.  This indicates that although the dodecyl oPPV groups are more 

effective at preventing aggregation in the solid state, both energy transfer efficiencies for 

the [G1] dendrimer and the antennae effet for both dendrimers show evidence for an 

increased number of non-radiative pathways leading to lower emission in both cases.  

The nature of the dodecyl oPPV group seems to be the limiting factor. 

 To summarize the solution data for the energy transfer dendrimers, 2-ethylhexyl 

dendrimers showed excellent (>90%) energy transfer efficiencies and an antennae effect 

that scaled with the product of the ratio of molar absorptivities and efficiency of energy 

transfer.  Dodecyl dendrimers were less efficient at energy transfer ([G1]) and showed a 

lower antennae effect ([G0] and [G1]), likely due to increased non-radiative pathways 

brought on by dodecyl attachment to the oPPVs. 

3.6.2 Solid state ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy 

Although the energy transfer efficiency and antennae effect characteristics in 

dilute chloroform solutions are important for understanding the photophysical properties 

of the energy transfer dendrimers, the performance of these dendrimers in the solid state 

is particularly crucial for determining how these materials will perform in OLEDs.  

Therefore, thin films (ca. 50 nm by ellipsometry) of the dendrimers were made by spin-

casting from chloroform solutions (10-3 M) onto quartz substrates.  UV/Vis and PL 

spectroscopy were performed on these films to determine their (a) aggregation; (b) 

energy transfer efficiency; and (c) antennae effect in the solid state.  As in Chapter 2, an 

assumption was made that the solution spectra represented the dendrimers in a non-

aggregated state, and therefore, the comparison of spectral profiles is useful in 
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determining the extent of aggregation of the dendrimers.  Relevant characterization data 

is presented in Table 3.5 

 

Table 3.5  Solid state photophysical characterization data for energy transfer dendrimers 

 
Compound 

MW 
(g/mol) 

λmax, Abs
a  

(nm) 
λmax, Abs

b  
(nm) 

λmax, PL
c  

(nm) 
PL 

efficiencyd 

DIQA, 1.84d 452.59 524  585 1.0 
2EH[G0], 3.34 1413.98 505 340 585 1.5 
2EH[G1], 3.35 3184.37 514 353 558 1.2 
C12[G0], 3.48 1638.41 506 347 585 2.0 
C12[G1], 3.49 3208.73 518 346 560 2.5 

 
a In quinacridone region (450-550 nm) 
b In oPPV region (300-400 nm) 
c Excitation at 350 or 470 nm 
d Compared to DIQA 

 Absorbance spectra of the thin films of energy transfer dendrimers in the 

quinacridone region are exhibited in Figure 3.8(A).  The lower generations are blue-

shifted from DIQA by ca. 18 nm and possess similar profiles to those of the low 

generation dendrimers described in Chapter 2, which were considered to be aggregating.  

For the [G0] dendrimers, the profile is nearly inverted compared to that of the [G1] 

dendrimer, so that the blue-shifted shoulder band has become the λmax, Abs, indicating 

aggregation in the solid state.  However, the spectra of the [G1] dendrimers are blue-

shifted from DIQA by only ca. 6-10 nm and exhibit spectral profiles that are quite similar 

to those taken in solution.  These [G1] dendrimers appear less aggregated than DIQA, as 

indicated by a less intense blue-shifted shoulder band.  That the [G0] dendrimers are 

more aggregated than their [G1] counterparts is not surprising considering that the [G1] 
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dendrimers are not only bulkier, but also more flexible and capable of surrounding the 

quinacridone core in a more efficient manner.  Interestingly, the dodecyl [G1] 3.49 

appears to be the least aggregating as indicated by its red-shift from the 2-ethylhexyl [G1] 

3.35 by 4 nm.  The longer chains clearly inhibit the dendrimer from aggregating even 

though the difference in chain length is small (6 carbons). 

 Absorbance spectra of the oPPV region are shown in Figure 3.8(B).  A red-shift in 

the absorbance λmax is observed when increasing generations of the 2-ethylhexyl 

dendrimers 3.34 and 3.35.  However, no shift in λmax is observed when increasing 

generations of the dodecyl dendrimers 3.48 and 3.49.  The 2-ethylhexyl [G1] dendrimer 

3.35 is only blue-shifted from the solution λmax by ca. 10 nm.  However, both [G0] 

dendrimers 3.34 and 3.48 show more dramatic shifts (ca. 14-21 nm), indicating a more 

aggregated state for these dendrimers.  Interestingly, the 2-ethylhexyl [G0] dendrimer 

3.34 shows the most dramatic blue-shift (21 nm) from what is observed in solution.  The 

blue-shift for the dodecyl [G0] dendrimer 3.48 is less pronounced (14 nm) from the 

solution λmax.  This can be attributed to the ability of the alkyl groups to segregate the 

oPPV moieties from one another.  The dodecyl groups are larger than the 2-ethylhexyls 

and therefore inhibit aggregation of the oPPV groups to a greater extent.  The dodecyl 

[G1] dendrimer 3.49 appears similar to its [G0] counterpart in terms of λmax, indicating 

that the oPPV groups are able to aggregate to a similar extent in both generations.  

However, the spectral profile exhibits broad characteristics extending to longer 

wavelengths that are similar to the 2-ethylhexyl [G1] dendrimer 3.35. 
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Figure 3.8  UV/Vis spectra of thin films of the energy transfer dendrimers in (A) the quinacridone region, 
and (B) the oPPV region 

 
 

 

(A) 

(B) 
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 Although UV/Vis spectroscopy is a useful tool for assessing aggregation of 

chromophores (i.e. Beer’s Law, λmax shift, etc.), photoluminescence spectroscopy is a 

much more sensitive technique toward changes in chromophore arrangement.  Emission 

spectra of the energy transfer dendrimers were obtained by exciting at 470 nm 

(quinacridone absorption) and compared to DIQA, as shown in Figure 3.9.  The [G0] 

dendrimers of both types, 2-ethyl hexyl 3.34 and dodecyl 3.48, have the same λmax, PL as 

DIQA suggesting that the quinacridone moieties of these dendrimers are aggregated.  

However, the [G1] dendrimers 3.35 and 3.48 are blue-shifted from DIQA by ca. 25 nm 

and possess a similar profile to those obtained for the thin films of the higher generation 

t-butyl dendrimers presented in Chapter 2, which represent non-aggregating quinacridone 

cores.  The [G0] dendrimers 3.34 and 3.48 are unique from any dendrimers observed thus 

far in that even though their λmax, PL implies aggregation, they do not possess the same 

band structure as the thin films of low generation aggregating dendrimers of the previous 

chapter.  Their λmax, PL is blue-shifted from lower generation dendrimers such as tBu[G0] 

2.16 by 30 nm and red-shifted relative to tBu[G3] 2.19 by 19 nm.  Therefore, it can be 

concluded that the extent of aggregation for the quinacridone cores in the energy transfer 

[G0] dendrimers 3.34 and 3.48 lies somewhere between the lower and higher generations 

of t-butyl terminated dendrimers shown in Chapter 2. 
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Figure 3.9  Photoluminescence spectra of thin films of energy transfer dendrimers and DIQA when excited 
at 470 nm 

 
 

 Photoluminescence efficiency was measured as described in Chapter 2, where the 

ratio of the integrated photoluminescence to the absorbance at a given excitation 

wavelength (470 nm) was compared to the ratio found for DIQA.  This value is a 

quantitative assessment of the efficiency of light emission for the energy transfer 

dendrimers compared to DIQA, and varies due to the ability of the dendrimer to site-

isolate the quinacridone core.  Unlike the findings presented in Chapter 2 or 4, the 

photoluminescence efficiencies of the energy transfer dendrimers were not greatly 

enhanced relative to DIQA.  This is a consequence of only a marginal ability of the oPPV 

dendrons to envelop and isolate the quinacridone core, due to their rigid extended 

structure.  Of major significance here is that the non-aggregating behavior observed for 

the higher generation [G1] dendrimers in the solid state does not translate into site-
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isolation of the quinacridone core as demonstrated by the low PL efficiency value of 2-

ethylhexyl [G1] 3.35.  This implies that the PL efficiency measurement is sensitive to 

long-range quinacridone associations.  However, as can be seen in Table 3.5, the dodecyl 

dendrimers of both generations show enhanced PL efficiencies compared to their 2-

ethylhexyl dendrimer counterparts.  As mentioned previously, the additional 6-carbon 

length afforded by the dodecyl dendrimers has a greater effect in the interaction of these 

compounds, preventing their aggregation. 

Energy transfer efficiencies were measured for the thin films by the same method 

described for the dilute chloroform solutions.  Absorbance and emission spectra of the 

model donor thin films were taken by exciting at 350 nm and compared to the energy 

transfer dendrimers using eq. 3.5.  The emission spectra of the energy transfer dendrimers 

are shown in Figure 3.10.  Only the [G1] dendrimers 3.35 and 3.49 show a small amount 

of oPPV emission leading to lower ΦET observed for these dendrimers.  The emission 

from the [G0] dendrimers 3.34 and 3.48 is solely from the quinacridone core, giving rise 

to nearly quantitative energy transfer efficiencies.  
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Table 3.6  Energy transfer efficiency data for thin films of energy transfer dendrimers 

 
Compound 

MW 
(g/mol) 

λmax, Abs  
(nm) 

 
A(350nm) 

 
I(375-490nm) 

 
ΦET 

2EH[G0], 3.34 1413.98 340 0.2062 2.06 x 105 0.994 
2EH[G1], 3.35 3184.37 353 0.2747 4.39 x 105 0.983 

3.61 582.87 325 0.0684 1.09 x 107  
3.30 1454.01 341 0.2319 2.20 x 107  

C12[G0], 3.48 1638.41 347 0.2373 1.22 x 105 0.994 
C12[G1], 3.49 3208.73 346 0.1578  4.58 x 105 0.975 

3.43 681.06 304 0.0393 3.54 x 106  
3.46 1466.19 325 0.1618 1.85 x 107  

 

 

 

Figure 3.10  Photoluminescence spectra of thin films of energy transfer dendrimers when excited at 350 
nm 

 
 

It is noted that the energy transfer for the dodecyl [G0] dendrimer thin film is 

markedly improved over its solution efficiency.  This is likely due to greater spectral 

overlap between the host (3.46) emission and guest (DIQA) absorption in the solid state 
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compared to dilute chloroform solutions.  This increase in spectral overlap for dodecyl 

[G1] 3.48 can be visualized in Figure 3.11 by the intersection of the dashed lines (thin 

film) relative to the intersection of the solid lines (solution).  Due to the dramatic red-shift 

in the host’s luminescence in the solid state and the blue-shift of the guest’s absorbance, 

greater spectral overlap occurs, resulting in increased efficiency of energy transfer. 

 

 

Figure 3.11  Spectral overlap for solution and thin films of dodecyl [G1] dendron 3.46 and DIQA 

 

Antennae effect data was collected for thin films by exciting oPPV (350 nm) or 

quinacridone directly (470 nm).  The data is summarized in Table 3.7.  Unlike solution 

data, the absorbances of the thin films were used for the calculations rather than the molar 

absorptivities, since concentrations for the thin films were difficult to approximate.  
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Better agreement occurs between the calculated and observed values for the [G1] 

dendrimers than the [G0] ones, the reasons for which remain unclear.  

 

Table 3.7  Antennae effect data for thin films of energy transfer dendrimers 

 
Compound 

 
ΦET 

 
A (350 nm) 

 
A (470 nm) 

Calculated 
Emsens/Emdir 

Observed 
Isens/Idir 

2EH[G0], 3.34 0.994 0.2062 0.0132 15.5 9.73 
2EH[G1], 3.35 0.983 0.2747 0.0195 13.8 13.0 
C12[G0], 3.48 0.994 0.2373 0.0131 18.0 10.3 
C12[G1], 3.49 0.975 0.1434 0.0115 12.2 8.86 

 

 

To summarize the thin film studies performed on the energy transfer dendrimers, 

changing the alkyl chains on the periphery of the oPPV groups from 2-ethylhexyl to 

dodecyl results in decreased extents of aggregation for the solid state, as well as increased 

efficiencies of energy transfer.  Furthermore, energy transfer for all dendrimers in the 

solid state is nearly quantitative due to increased spectral overlap between the host 

luminescence and the guest absorbance. 

 

3.7 Photophysical characterization of oPPV polymer and t-butyl dendrimers  

3.7.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy 

A major goal of this project was to ascertain the role of the dendritic architecture 

in the “through-space” Förster energy transfer process.  Rather than mixing model donors 

(oPPV groups) and acceptors (quinacridone derivatives such as DIQA) together, which 

would likely result in films of poor quality due to crystallization, a blended 
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polymer/dendrimer approach was undertaken in which a linear polymer containing oPPV 

side-chains 3.58 was blended together with t-butyl terminated dendrimers 2.16-2.19 both 

in solution and in the solid state.  To compare the spectroscopic properties of these blends 

with the energy transfer dendrimers, the polymer and dendrimers had to be mixed in such 

a way as to give the same ratio of chromophores (as monitored by UV/Vis) present in the 

[G0] dendrimer 3.48.  After preparing both solution and thin film samples, absorbance 

and emission spectra were taken and analyzed to compare energy transfer efficiencies.  

The solution results will be presented first, followed by the thin film data. 

 Chloroform solutions of polymer 3.58, and polymer 3.58 plus dendrimers 2.16-

2.19 (ca. 10-8 M) were prepared to give the exact ratio of oPPV to quinacridone 

absorbances as observed in dendrimer 3.48 (ca. 7).  These solutions were then subjected 

to photoluminescence measurements both by direct quinacridone excitation and by oPPV 

excitation.  The resulting absorbance and emission spectra (excitation at 360 nm) are 

shown in Figure 3.12.  The absorbance spectra of polymer 3.58 and t-butyl dendrimer 

mixtures are normalized with respect to the oPPV λmax, and the absorbance of 3.48 is 

added to show that all of the ratios of the polymer 3.58 and t-butyl dendrimers correspond 

to dendrimer 3.48 very closely.  However, the emission spectra indicate that when 

polymer 3.58 is excited at 360 nm, energy transfer from the polymer to the dendrimers 

occurs with very low efficiency.  In fact, only when observing the inset, can the evidence 

of some quinacridone emission be seen.  By comparing the emission of polymer 3.58 

with that of polymer 3.58 and t-butyl dendrimer mixtures, a value for energy transfer 

efficiency can be determined.  This method of calculating energy transfer is identical to 
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the method used for the energy transfer dendrimers, with the model donor being polymer 

3.58.  Although this method works best for hosts that are covalently linked to their guests, 

reasonable efficiencies can be calculated for the intimately mixed polymer/dendrimer 

systems.  The results of the calculated energy transfer efficiencies are presented in Table 

3.8. 

 

Table 3.8  Energy transfer efficiencies for solutions of polymer 3.58 and t-butyl dendrimers 2.16-2.19 

Compound A(360nm) I(370-490nm) ΦET 

3.58 + 2.16 0.1153 1.25 x 108 0.178 
3.58 + 2.17 0.0848 9.70 x 107 0.133 
3.58 + 2.18 0.0679 8.84 x 107 0.013 
3.58 + 2.19 0.0448 6.36 x 107 0.000 

Polymer 3.58 0.0094 1.24 x 107  
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Figure 3.12  Solution (A) absorbance spectra for polymer 3.58 and t-butyl terminated dendrimer mixtures 
normalized to the oPPV λmax, and (B) photoluminescence spectra of the same mixtures when excited into 
oPPV groups of polymer 3.58 (360 nm).  The inset in the bottom graph is a blow-up of 510-550 nm 
showing some quinacridone emission.  The legend is the same for both figures. 

 

 

(A) 

(B) 
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 In solution, the extent of energy transfer from polymer 3.58 to the t-butyl 

dendrimers 2.16-2.19 decreases with increasing generation.  In fact, for tBu[G3] 2.19 the 

calculated energy transfer value was found to be a negative number.  However, since 

energy transfer cannot be negative, a value of zero is assumed.  These results are unlike 

what was observed for the energy transfer dendrimers, where in the lowest generation, 

nearly quantitative energy transfer occurred.  To access whether the dissimilar trends 

were due to different Förster parameters, the Förster radius was calculated for polymer 

3.58 and t-butyl dendrimers 2.16-2.19, and was found to be 41 Å, if a κ2 value of 2/3 

(random dipoles undergoing constant rotation) is assumed.  Although this differs from the 

calculated Förster radius for the oPPV group 3.61 and DIQA (29 Å), the radii of all the t-

butyl dendrimers 2.16-2.19 fall within the Förster radius, and therefore, this can be 

eliminated as the cause of the low energy transfer efficiencies.  Solution concentration 

was also assessed as a possible source of low energy transfer efficiencies.  However, the 

polymer/dendrimer solutions were kept at nearly the same concentrations as those used 

for energy transfer dendrimer studies.  However, in this case, the donors and acceptors 

are not covalently linked as they were in the energy transfer dendrimers, but are separate, 

and consequently, the probability of an oPPV group being within the Förster radius of a 

quinacridone moiety is lower than in the covalently linked systems.  Another parameter 

that may affect the energy transfer efficiencies is the orientational dipole, κ2.  However, 

changing this value does not significantly alter the Förster radius (never more than 30%).  

Therefore, the low energy transfer efficiencies are likely due to any one of the following 

reasons: (a) the low number of chromophores in solution (different than concentration); 
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the ratio of methyl methacrylate groups to oPPV methacrylates in the polymer is 88:1, 

which prevents the oPPV groups from coming close enough to transfer energy to the 

quinacridone dendrimer; or (b) architectural constraints exist for efficient energy transfer 

between two chromophores.  Thin film studies were performed to further examine the 

problem. 

 Thin films of the polymer/dendrimer mixtures were generated by spin-casting 

from chloroform solutions, the absorbances of which were kept at a ratio equal to that of 

dendrimer 3.48.  Once made, the thin films were subjected to absorbance and emission 

spectroscopy to determine the energy transfer efficiencies.  As seen in Table 3.9 and 

Figure 3.13 energy transfer efficiency again decreases with increasing generation, but to a 

lesser extent than what was observed in solution studies.  Energy transfer in the lower 

generations is greater than 90% and only decreases to 50% for [G3].  This data supports 

the previous hypothesis for solution mixtures stating that the local concentration of 

chromophores in dilute solution was so low that the probability of energy transfer 

between two chromophores was minimal.  This probability is lowered even further with 

increasing dendrimer generation, which makes it even more unlikely that an oPPV group 

will be within the Förster radius of a quinacridone core.  Similar circumstances exist for 

the solid state.  Although the local concentration of chromophores increases in the solid 

state, factors detrimental to efficient energy transfer still remain.  The polymer backbone 

can be thought of as additional scaffolding that further separates the oPPV group from the 

quinacridones.  With increasing dendrimer generation, the oPPV groups become even 

further separated from the quinacridone core, leading to lower energy transfer.  Initially 
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phase segregation in the solid-state between polymer 3.58 and the dendrimers was 

thought to be responsible for the low energy transfer efficiencies.  However, two pieces 

of evidence indicate that this is not the case.  The first is atomic force microscopy (AFM) 

images, which show only one phase and no islands of dendrimer mixed into the polymer.  

The second is the PL spectra of the quinacridone region of the dendrimers.  Recall that 

thin films of the dendrimers 2.16-2.19 show evidence of aggregation in the lower 

generations ([G0] and [G1]).  However, when the dendrimers are mixed with the polymer 

3.58, all generations show evidence of non-aggregation as evidenced by the solution-like 

spectral profile of the mixtures.  This non-aggregation behavior of the lower generations 

of the dendrimers indicates that the dendrimers are being separated from one another by 

the polymer matrix, leading to the assumption that there is no phase segregation 

occurring.   

It is noted that the experiments here do not lend concrete evidence to the 

argument that dendritic architecture is required for efficient energy transfer.  In fact, more 

experiments are needed.  For example, polymers in which oPPV groups are spaced closer 

together or simply oPPV groups intimately mixed with quinacridone would provide much 

needed additional information.  The spacing of the oPPV group within a dense matrix of 

PMMA precludes the probability that an oPPV groups will be within the Förster radius of 

another quinacridone at any given time.   
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Table 3.9  Energy transfer efficiencies for thin films of polymer 3.58 and t-butyl dendrimer mixtures 

Compound A(350nm) I(360-490nm) ΦET 

3.58 + 2.16 0.1125 6.31 x 107 0.948 
3.58 + 2.17 0.0887 4.74 x 107 0.951 
3.58 + 2.18 0.0875 7.28 x 107 0.923 
3.58 + 2.19 0.1109 5.80 x 108 0.518 

Polymer 3.58 0.0763 8.28 x 108  
 

 

 

Figure 3.13  Photoluminescence of thin films of polymer 3.58 and t-butyl dendrimer 2.16-2.19 mixtures 
when excited at 350 nm 

 
 

3.8 Electrochemical characterization of energy transfer dendrimers 

A realistic possibility for dendrimers of the type presented in this chapter 

containing different chromophores on the periphery and the core is that each type of 

chromophore will possess the ability to transport charge.  This concept has been exploited 
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using carbazole exteriors as hole-transporters and napthalimide cores as electron 

transporters.10  In this way, the chromophores on the periphery could act as electron/hole 

transporters, with the core transporting the opposite carrier, thereby limiting the number 

of layers necessary in an OLED.  To ascertain whether chromophores can donate 

electrons/holes to one another, solution electrochemistry experiments must be performed.  

Specifically of interest here was whether oPPV and quinacridone groups could act as 

electron/hole transport materials with respect to one another.   

 All electrochemical characterization by cyclic voltammetry and differential pulse 

voltammetry of compounds 3.34, 3.35, and 3.61 was performed by Ware H. Flora, a 

graduate student in Dr. Neal R. Armstrong’s group, and has been previously reported.96  

A summary of these results will be presented herein. 

 The oxidation/reduction potentials for 3.34, 3.35, 3.61, and DIQA are presented in 

Table 3.10.  The pseudo-reversible first oxidation of oPPV (0.75 V) is similar to DIQA 

(0.73 V), with irreversible second and third oxidation being revealed at 1.01 and 1.20 V, 

respectively.  The first reduction potential for oPPV (-2.37 V) is decreased substantially 

from DIQA (-1.72 V).  Dendrimers 3.34 and 3.35 show shifted first oPPV oxidations, 

with the [G0] dendrimer 3.34 at 1.07 V and the [G1] dendrimer 3.35 at 0.67 V.  The 

quinacridone oxidations/reductions, however, are similar to those observed for DIQA, 

indicating no electrochemical communication between the oPPV groups and the 

quinacridone core, as has been observed previously for dendrimers in Chapter 2 as well 

as extensive work by Gorman and coworkers.97-100  These redox potentials indicate that 

the quinacridone core will be able to capture electrons from both 3.34 and 3.35 in biased 
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OLEDs, and holes from only 3.35 since the first oPPV oxidation occurs at lower potential 

than the first quinacridone oxidation.  The reasons for such discrepancy between 3.34 and 

3.35 are unclear.  

 

Table 3.10  Electrochemical oxidation/reduction potentials for energy transfer dendrimers 

 
Compound 

MW 
(g/mol) 

E°’
Ox1

a 

(V) 
E°’

Red1
a 

(V) 
DIQA 452.59 0.73 -1.72 

2EH[G0], 3.34b 1413.98 0.75 -1.76 
2EH[G1], 3.35c 3184.37 0.80 -1.80 

3.61d 582.87 0.75 -2.37 
 
a For quinacridone core when present, otherwise for oPPV, versus Fc+/Fc 
b Additional oxidation: 1.07 V (oPPV Ox1), additional reductions: -2.25 V (quin Red2),  
  -2.59 V (oPPV Red1) 
c Additional oxidation: 0.67 V (oPPV Ox1), 1.15 V (oPPV Ox2), additional reductions:  
  -2.59 V (oPPV Red1) 
d Additional oxidations: 1.01 V (oPPV Ox2), 1.20 (oPPV Ox3) 
 

 

3.9 Conclusions 

Energy transfer dendrimers consisting of oPPV groups at the periphery and 

quinacridone cores were constructed with either 2-ethylhexyl or dodecyl groups on the 

oPPVs.  All dendrimers appeared non-aggregating in solution, and energy transfer 

efficiencies in the 2-ethylhexyl dendrimers were nearly quantitative.  However, dodecyl 

dendrimers in dilute chloroform solutions showed lower energy transfer efficiencies.  An 

observed antennae effect, which occurs when exciting the hosts relative to direct 

excitation of the guest, agreed well with the calculated values for the 2-ethylhexyl 
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dendrimers.  Thin films of the energy transfer dendrimers were formed by spin-casting, 

and aggregation was observed in the lower generations.  However, energy transfer 

efficiencies were nearly quantitative in all dendrimers due to the increased amount of 

spectral overlap that exists in the solid state.  An antennae effect was again observed for 

all dendrimers. 

 To assess the need for the dendritic architecture for efficient energy transfer, a 

methyl methacrylate polymer bearing an oPPV side-chain every 88 residues was mixed 

with the t-butyl dendrimers 2.16-2.19 in specific ratios and analyzed in dilute solution as 

well as thin films to determine the extent of energy transfer.  Solution studies indicated 

that increasing generation decreased the amount of energy transfer, due to low 

chromophore concentration.  Energy transfer efficiency in the solid state also decreased 

with increasing generation, although to a lesser extent than observed in dilute solution.  

Ultimately, these experiments were unsuccessful in determining whether dendritic 

architecture is necessary for efficient energy transfer, and new systems are being 

explored. 

 

3.10 Experimental procedures 

General Experimental.  NMR spectroscopy was performed using either a Bruker 

AM-250 or a Bruker DRX-500 spectrometer available at the University of Arizona.  

Mass spectrometry (MS) was performed by the MS Instrument Facility at the University 

of Arizona.  Elemental analysis for C, H, and N was performed by NuMega in San Diego, 

CA.  Tetrahydrofuran (THF) was distilled under Ar from potassium-benzophenone ketyl.  
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Acetone, CH2Cl2, and DMF were dried over crushed 3Å molecular sieves.  All other 

needed reagents were purchased from readily available suppliers and used as received.  

Flash chromatography was performed according to the method of Still et al.101 with 40-63 

µm silica gel (EMD Chemicals, Inc.).  TLC was performed on precoated plates 

containing a fluorescent indicator (Silica Gel 60 F254, EMD Chemicals, Inc.). 

 Methyl 3,5-bis[(2-ethylhexyl)oxy]benzoate (3.9).  A mixture of methyl 3,5-

dihydroxybenzoate 3.8 (1.0 g, 5.9 mmol), 1-bromo-2-ethylhexane (3.5 g, 18 mmol), 

K2CO3 (2.5 g, 18 mmol), and dry DMF (8 mL) was heated to 80 °C under N2.  The 

reaction was monitored by TLC (SiO2 1:1 Hex/EtOAc) and after 24 hrs, additional 1-

bromo-2-ethylhexane (1.3 g, 6.7 mmol) was added.  After an additional 2 days, the 

reaction was cooled to ambient temperature, quenched with H2O and extracted with 

CH2Cl2 (3 x 15 mL).  The combined organic fractions were washed with H2O (15 mL) 

and sat. NaCl (15 mL), dried (MgSO4), and concentrated in vacou.  The residue was 

purified by column chromotography (9:1 Hex/EtOAc) to give 3.9 (2.2 g, 98%) as a 

yellow oil: 1H NMR (250 MHz, CDCl3) δ 7.14 (d, J = 2.3 Hz, 2 H), 6.62 (t, J = 2.3 Hz, 1 

H), 3.87 (s, 3 H), 3.83 (d, J = 5.8 Hz, 4 H), 1.69 (septet, J = 6.0 Hz, 2 H), 1.21-1.49 (m, 

16 H), 0.83-0.93 (m, 12 H); 13C NMR (63 MHz, CDCl3) 160.3, 131.7, 107.5, 106.5, 

104.0, 70.6, 52.1, 39.3, 30.5, 29.0, 23.8, 23.0, 14.0, 11.0. 

 3,5-Bis[(2-ethylhexyl)oxy]benzyl alcohol (3.10).  To a slurry of lithium 

aluminum hydride (0.4 g, 10 mmol) in Et2O (5 mL) was added a solution of 3.9 (1.2 g, 

3.2 mmol) in Et2O (10 mL) and the mixture was maintained at ambient temperature for 

24 hrs while monitoring by TLC (SiO2, 1:1 Hex/EtOAc).  The reaction was quenched by 
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adding H2O (0.36 mL), 15% NaOH (0.36 mL), and again H2O (1.2 mL).  The mixture  

was filtered and concentration to give 3.10 (1.1 g, 95%) as a colorless oil: 1H NMR (250 

MHz, CDCl3) δ 6.48 (d, J = 2.2 Hz, 2 H), 6.36 (t, J = 2.2 Hz, 1 H), 4.60 (s, 2 H), 3.80 (d, 

J = 5.6 Hz. 4 H), 1.68 (septet, J = 6.0 Hz, 2 H), 1.23-1.56 (m, 16 H), 0.85-0.92 (m, 12 H).  

13C NMR (125 MHz, CDCl3) 160.8, 143.0, 104.9, 100.5, 70.5, 65.5, 39.4, 30.5, 29.1, 

23.9, 23.0, 14.1, 11.1. 

 3,5-Bis[(2-ethylhexyl)oxy]benzylaldehyde (3.11).  To a solution of pyridinium 

chlorochromate (11.7 g, 54.2 mmol) in CH2Cl2 (200 mL) under Ar was added 3.10 (13.0 

g, 35.5 mmol) in CH2Cl2 (50 mL).  After 22 hrs, the reaction mixture was filtered through 

silica gel and concentrated to a brown solid.  Purification by column chromatography 

(95:5 Hex/Et2O) yielded 3.11 (12.2 g, 95%) as a yellow oil: 1H NMR (500 MHz, CDCl3) 

δ 9.89 (s, 1 H), 6.99 (d, J = 2.5 Hz, 2 H), 6.70 (t, J = 2.5 Hz, 1 H) 3.85-3.89 (m, 4 H) 1.73 

(septet, J = 6.0 Hz, 2 H), 1.38-1.54 (m, 8 H) 1.30-1.35 (m, 8 H), 0.93-0.94 (m, 12 H); 13C 

NMR (63 MHz, CDCl3) 192.2, 160.9, 138.2, 107.9, 107.5, 70.8, 39.3, 30.5, 29.0, 23.8, 

23.0, 14.0, 11.0. 

 Diethyl (4-carbomethoxy)benzylphosphonate (3.13).  Compound 3.13102,103 

was prepared according to the literature. 

 (E)-3,5-Bis[(2-ethylhexyl)oxy]-4’-(hydroxymethyl)stilbene (3.15).  To a cooled 

(0 °C) solution of 3.13 (12.3 g, 42.8 mmol) in THF (100 mL) under Ar was added 

potassium tert-butoxide (14.6 g, 130 mmol) over 5 min.  After stirring for 25 min, 3.11 

(15.5 g, 42.6 mmol) dissolved in THF (75 mL) was added and the reaction turned red.  

The resultant mixture was allowed to stir at ambient temperature for 20 hrs and was then 
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quenched with 1N HCl (150 mL).  The THF was removed in vacou and the mixture was 

then extracted with Et2O (3 x 100 mL).  The combined organic fractions were washed 

with H2O (2 x 100 mL) and sat. NaCl (100 mL), dried (MgSO4), and concentrated in 

vacou to yield a brown solid.  The brown solid was dissolved in THF (100 mL) and 

added to a slurry of LiAlH4 (3.3 g, 87 mmol) in THF (200 mL).  After 24 hrs, the mixture 

was quenched by addition of H2O (3.3 mL), 15% NaOH (3.3 mL), and again H2O (9.9 

mL).  The solids were removed by filtration through silica gel and the filtrate was 

concentrated in vacuo.  Purification of the residue by column chromatography (10:2:1 

Hex/CH2Cl2/EtOAc) yielded 3.15 (15.3 g, 77%) as a yellow oil: 1H NMR (500 MHz, 

CDCl3) δ 7.50 and 7.35 (AA’BB’ pattern, J = 8.0 Hz, 4 H), 7.08 and 7.03 (AB pattern, J 

= 16.0 Hz, 4 H), 6.65 (d, J = 2.5 Hz, 2 H), 6.39 (t, J = 2.5 Hz, 1 H), 4.69 (d, J = 5.5 Hz, 2 

H), 3.83-3.89 (m, 4 H), 1.73 (septet, J = 6.0 Hz, 2 H) 1.61 (broad s, 1 H), 1.30-1.54 (m, 

16 H), 0.89-0.95 (m, 12 H); 13C NMR (63 MHz, CDCl3) 160.7, 140.2, 139.0, 136.7, 

128.9, 128.4, 127.3, 126.7, 104.9, 100.9, 70.4, 65.1, 39.4, 30.5, 29.0, 23.8, 23.0, 14.0, 

11.1. 

 (E)-4-{[3,5-Bis(2-ethylhexyl)oxy]styryl}benzaldehyde (3.16).  Pyridinium 

chlorochromate (1.9 g, 8.8 mmol) was stirred in CH2Cl2 (100 mL) for 10 min before 

adding 3.15 (2.5 g, 5.3 mmol).  After 1 day, the mixture was filtered through silica gel 

and washed with copious amounts of CH2Cl2.  The filtrate was then concentrated and the 

resulting brown residue was purified by column chromatography (9:1 Hex/EtOAc) to 

yield 3.16 (2.1 g, 85%) as a yellow oil: 1H NMR (250 MHz, CDCl3) δ 9.99 (s, 1H), 7.87 

and 7.65 (AA’BB’ pattern, J = 8.3 Hz, 4H), 7.18 and 7.12 (AB pattern, J = 16.3 Hz, 2H), 



 253 

6.69 (d, J = 2.0 Hz, 2H)), 6.44(t, J = 2.0 Hz, 1H), 3.87 (d, J = 5.6 Hz, 4H), 1.74 (septet, J 

= 6.0 Hz, 2H), 1.30-1.59 (m, 16H), 0.86-0.97 (m, 12H); 13C NMR (63 MHz, CDCl3) 

191.5, 160.8, 143.3, 138.2, 135.3, 132.3, 130.2, 127.5, 126.9, 105.3, 101.6, 70.5, 39.4, 

30.5, 29.0, 23.8, 23.0, 14.0, 11.1. 

 (E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’[(4-hydroxymethyl)styryl]stilbene (3.18). 

To a cooled (0 °C) solution of 3.13 (5.2 g, 18 mmol) in THF (275 mL) was added 

potassium tert-butoxide (6.1 g, 54 mmol) slowly and the resultant yellow mixture was 

allowed to stir for 25 min.  Addition of 3.16 (8.4 g, 18 mmol) dissolved in THF (125 mL) 

turned the mixture red.  The mixture was maintained at ambient temperature for 24 hrs 

and was then quenched by addition of H2O (45 mL) and 1 N HCl (45 mL) which turned 

the mixture yellow.  The THF was removed in vacuo, and the remaining mixture was 

extracted with Et2O (3 x 100 mL).  The combined organic fractions were dried (MgSO4) 

and concentrated in vacou to give a yellow solid which was used without further 

purification.  The yellow solid was dissolved in THF (100 mL) and added to a cooled (0 

°C) slurry of LiAlH4 (2.1 g, 54 mmol) in THF (50 mL).  The mixture was maintained at 

ambient temperature for 3 hrs, then quenched with H2O (2 mL), 15%  NaOH (2 mL), and 

again H2O (6 mL).  After 30 min the mixture was filtered to remove salts, dried (MgSO4), 

and concentrated in vacuo to yield 3.18 (9.4 g, 92%) as a yellow solid: 1H NMR (250 

MHz, CDCl3) δ 7.50 and 7.35 (AA’BB’ pattern, J = 8.3 Hz, 4H), 7.49 (s, 4H), 7.10 (s, 

2H), 7.07 and 7.03 (AB pattern, J = 16.3 Hz, 2H), 6.65 (d, J = 2.1 Hz, 2H), 6.39 (t, J = 

2.1 Hz, 1H), 4.68 (d, J = 5.9 Hz, 2H), 3.84-3.86 (m, 4H), 1.69 (septet, J = 6.0 Hz, 2H), 

1.28-1.52 (m, 16H), 0.87-0.95 (m, 12H); 13C NMR (125 MHz, CDCl3) 160.7, 140.2, 
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139.0, 136.8, 136.7, 136.6, 128.8, 128.5, 128.3, 128.1, 127.3, 126.9, 126.8, 126.7, 105.0, 

100.9, 70.5, 65.1, 39.4, 30.5, 29.1, 23.9, 23.0, 14.1, 11.1. 

 (E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’[(4-chloromethyl)styryl]stilbene (3.19).  To 

a solution of 3.18 (4.4 g, 7.7 mmol) and DMF (0.2 mL) in CH2Cl2 (250 mL) was added 

thionyl chloride (1.2 g, 10 mmol).  After 20 min, the mixture is quenched with sat. 

NaHCO3 (150 mL).  The layers are separated and the organic layer is washed with sat. 

NaHCO3, H2O, and sat. NaCl (100 mL each), dried (MgSO4) concentrated and 

recrystallized in hexanes to yield 3.19 (4.5 g, 99%) as yellow crystals: 1H NMR (500 

MHz, CDCl3) δ 7.48 and 7.37 (AA’BB’ pattern, J = 8.5 Hz, 4H), 7.47 (s, 4H), 7.09 (s, 

2H), 7.06 and 7.03 (AB pattern, 2H, J = 16.0 Hz), 6.65 (d, J = 2.0 Hz, 2H), 6.39 (t, J = 

2.0 Hz, 1H), 4.58 (s, 2H), 3.82-3.88 (m, 4H), 1.72 (septet, J = 6.0 Hz, 2H), 1.24-1.55 (m, 

16H), 0.88-0.94 (m, 12H); 13C NMR (125 MHz, CDCl3) 160.7, 139.0, 137.6, 136.9, 

136.6, 136.4, 129.0, 129.0, 128.9, 128.4, 127.8, 126.89, 126.87, 126.77, 105.0, 101.0, 

70.5, 46.1, 39.5, 30.6, 29.1, 23.9, 23.1, 14.1, 11.2. 

 4-(Tetrahydro-2-pyranoxy)benzaldehyde (3.21).  Compound 3.21104 was 

prepared according to the literature. 

 (E)-3,5-Bis[(2-ethylhexyl)oxy]-4’-[(chloromethyl)styryl]stilbene (3.22).  To a 

solution of 3.15 (54 mg, 0.12 mmol) and DMF (0.1 mL) in CH2Cl2 (5 mL) under Ar was 

added thionyl chloride (21 mg, 0.18 mmol) via syringe.  After stirring for 15 min, the 

mixture was quenched by adding sat. NaHCO3 (1 mL) and stirred for 15 min.  The 

mixture was diluted with CH2Cl2 (15 mL), separated and the organic phase was washed 

with sat. NaHCO3 (2 x 10 mL), H2O (2 x 10 mL) and sat. NaCl (10 mL).  The combined 
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organic fractions were dried (MgSO4) and concentrated to yield 3.22 (55 mg, 97%) as a 

yellow oil: 1H NMR (250 MHz, CDCl3) δ 7.49 and 7.37 (AA’BB’ pattern, J = 8.3 Hz, 4 

H), 7.07 and 7.04 (AB pattern, J = 16.5 Hz, 2 H), 6.66 (d, J = 2.0 Hz, 2 H), 6.40 (t, J = 

2.0 Hz, 1 H), 4.59 (s, 2 H), 3.86 (d, J = 5.8 Hz, 4 H), 1.73 (septet, J = 6 Hz, 2 H), 1.25-

1.55 (m, 16 H), 0.88-0.96 (m, 12 H); 13C NMR (63 MHz, CDCl3) 160.7, 138.8, 137.5, 

136.6, 129.5, 128.9, 128.0, 126.8, 105.0, 101.0, 70.4, 46.0, 39.4, 30.5, 29.0, 23.8, 23.0, 

14.0, 11.1. 

(E)-3,5-Bis[(2-ethylhexyl)oxy]-4’-(diethoxyphosphorylmethyl)stilbene (3.23). 

3.22 (12.0 g, 24.7 mmol) and triethylphosphite (6.5 g, 39 mmol) were refluxed for 5 days.  

Excess triethylphosphite was removed in vacou to yield 3.23 (14.5 g, 100%) as a 

colorless oil: 1H NMR (250 MHz, CDCl3) δ 7.45 (d, J = 8.0 Hz, 2 H), 7.28 (dd, J = 8.0, 

2.5 Hz, 2 H), 7.06 and 7.01 (AB pattern, J = 16.3 Hz, 2 H), 6.65 (d, J = 2.1 Hz, 2 H), 6.39 

(t, J = 2.1 Hz, 1 H), 4.02 (quintet, J = 7.0 Hz, 4 H), 3.86 (d, J = 5.5 Hz, 4 H), 3.15 (d, J = 

21.7 Hz, 2 H), 1.73 (septet, J = 6.0 Hz, 2 H), 1.33-1.55 (m, 16 H), 1.25 (t, J = 7.1 Hz, 6 

H), 0.91-0.96 (m, 12 H); 13C NMR (63 MHz, CDCl3) 160.7, 139.0, 135.9, 131.0 (d, JCP = 

9.4 Hz), 130.1 (d, JCP = 6.8 Hz), 128.8 (d, JCP = 1.9 Hz), 128.4 (d, JCP = 2.3 Hz), 126.6 

(d, JCP = 3.3 Hz), 104.9, 104.0, 100.9, 70.4, 62.1 (d, JCP = 6.7 Hz), 39.4, 33.6 (d, JCP = 

137.7 Hz), 30.5, 29.1, 23.9, 23.0, 16.4 (d, JCP = 6.0 Hz), 14.1, 11.1. 

(E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’(4-hydroxystyryl)stilbene (3.24).  To a 

cooled (0 °C) solution of 3.23 (5.0 g, 8.6 mmol) in THF (40 mL) was added KOtBu (2.4 

g, 21 mmol) to give a red solution.  After 15 min, 3.21 (1.8 g, 8.5 mmol) in THF (35 mL) 

was added and the reaction was allowed to warm to ambient temperature.  After 19 hrs, 1 
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N HCl (30 mL) and MeOH (50 mL) were added and the reaction was refluxed for 5 hrs.  

After cooling, the reaction was filtered and the filtrate was concentrated.  The residue was 

dissolved in Et2O (100 mL), poured over H2O (100 mL) and separated.  The aqueous 

phase was extracted with Et2O (3 x 100 mL) and the combined organic phases were 

washed with H2O (3 x 100 mL) and sat. NaCl (100 mL).  After drying (MgSO4), the 

residue was purified by column chromatography (10:2:1 Hex/CH2Cl2/EtOAc) to yield 

3.24 (3.1 g, 66%) as a yellow foam: 1H NMR (250 MHz, CDCl3) δ 7.47 (s, 4 H), 7.41 

and 6.82 (AA’BB’ pattern, J = 8.8 Hz, 4 H), 7.07 and 7.03 (AB pattern, J = 16.0 Hz, 2 

H), 7.06 and 6.96 (AB pattern, J = 16.3 Hz, 2 H), 6.67 (d, J = 2.3 Hz, 2 H), 6.40 (t, J = 

2.3 Hz, 1 H), 5.02 (broad s, 1 H), 3.87 (m, 4 H), 1.74 (septet, J = 6.0 Hz, 2 H), 1.29-1.56 

(m, 16 H), 0.89-0.97 (m, 12 H); 13C NMR (125 MHz, CDCl3) 160.7, 155.2, 139.1, 136.9, 

136.2, 130.4, 128.6, 128.5, 128.0, 127.9, 126.8, 126.6, 126.3, 115.6, 104.9, 100.9, 70.5, 

39.4, 30.5, 29.1, 23.9, 23.1, 14.1, 11.1. 

 (E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’{[4-(4-carboxymethyl)benzyloxy]styryl} 

stilbene (3.26).  A mixture of 3.24 (0.940 g, 1.69 mmol), methyl 4-(bromomethyl) 

benzoate (392 mg, 1.71 mmol), K2CO3 (1.15 g, 8.32 mmol), and 18-crown-6 (12 mg, 

0.047 mmol) in acetone (25 mL) was refluxed for 18 hrs under Ar.  The mixture was then 

filtered, redissolved in CH2Cl2 (100 mL), washed with H2O (50 mL) and sat. NaCl (50 

mL), dried (MgSO4), and concentrated to a yellow solid.  Recrystallization in acetone 

afforded 3.26 (0.96 g, 81%) as yellow flakes: 1H NMR (250 MHz, CDCl3) δ 8.07 and 

7.52 (AA’BB’ pattern, J = 8.3 Hz, 4 H), 7.48 (s, 4 H), 7.46 and 6.96 (AA’BB’ pattern, J 

= 8.9 Hz, 4 H), 7.00-7.06 (m, 4 H), 6.66 (d, J = 2.3 Hz, 2 H), 6.40 (t, J = 2.3 Hz, 1 H), 
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5.16 (s, 2 H), 3.93 (s, 3 H), 3.87 (d, J = 5.5 Hz, 4 H), 1.74 (septet, J = 5.5 Hz, 2 H), 1.33-

1.55 (m, 16 H), 0.89-0.97 (m, 12 H); 13C NMR (125 MHz, CDCl3) 166.8, 160.7, 158.1, 

142.1, 139.1, 136.9, 136.3, 130.7, 129.9, 129.7, 128.6, 128.5, 127.9, 127.8, 126.9, 126.8, 

126.6, 126.5, 115.1, 104.9, 100.9, 70.5, 69.4, 52.1, 39.4, 30.6, 29.1, 23.9, 23.1, 14.1, 11.1. 

 (E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’{[4-(4-hydroxymethyl)benzyloxy]styryl} 

stilbene (3.27).  To a slurry of LiAlH4 (11 mg, 0.30 mmol) in THF (10 mL) was added 

3.26 (66 mg, 0.094 mmol).  After 3 hrs, the reactioin was quenched by the addition of 

H2O (0.1 mL), 15% NaOH (0.2 mL) and again H2O (0.6 mL).  The mixture was then 

dried (MgSO4), filtered and concentrated to a yellow solid.  Recrystallization in EtOH 

afforded 3.27 (56 mg, 88%) as a yellow solid: 1H NMR (250 MHz, CDCl3) δ 7.37-7.50 

(m, 10 H), 6.92-7.12 (m, 6 H), 6.66 (d, J = 2.3 Hz, 2 H), 6.40 (t, J = 2.3 Hz, 1 H), 5.08 (s, 

2 H), 4.70 (d, J = 6.0 Hz, 2 H), 3.86 (d, J = 5.5 Hz, 4 H), 1.74 (septet, J = 5.5 Hz, 2 H), 

1.25-1.53 (m, 16 H), 0.89-0.97 (m, 12 H); 13C NMR (63 MHz, CDCl3) 160.8, 158.5, 

140.7, 139.1, 137.0, 136.3, 136.2, 130.4, 128.5, 128.1, 127.74, 128.72, 127.2, 126.8, 

126.6, 126.3, 115.1, 104.9, 100.9, 70.5, 69.8, 65.1, 39.4, 30.5, 29.1, 23.8, 23.0, 14.1, 11.1. 

 (E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’{[4-(4-chloromethyl)benzyloxy]styryl} 

stilbene (3.28).  A solution of 3.27 (54 mg, 0.081 mmol) and DMF (0.1 mL) in CH2Cl2 

(10 mL) under Ar was stirred while thionyl chloride (13 mg, 0.11 mmol) was added via 

syringe.  After 1.5 hrs, the reaction mixture was washed with sat. NaHCO3 (5 mL), H2O 

(20 mL), and sat. NaCl (20 mL).  The organic layer was then dried (MgSO4) and 

concentrated to yield 3.28 (49 mg, 88%) as a yellow solid: 1H NMR (250 MHz, CDCl3) 

δ 7.38-7.48 (m, 10 H), 6.93-7.13 (m, 6 H), 6.66 (d, J = 2.3 Hz, 2 H), 6.40 (t, J = 2.3 Hz, 1 
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H), 5.08 (s, 2 H), 4.60 (s, 2 H), 3.86 (d, J = 5.8 Hz, 4 H), 1.71 (septet, J = 5.8 Hz, 2 H), 

1.25-1.47 (m, 16 H), 0.89-0.97 (m, 12 H); 13C NMR (125 MHz, CDCl3) 160.7, 158.4, 

139.1, 137.2, 136.9, 136.3, 130.5, 128.9, 128.6, 128.5, 128.0, 127.7, 126.8, 126.6, 126.4, 

115.1, 104.9, 100.9, 70.5, 69.6, 45.9, 39.5, 30.6, 29.1, 23.9, 23.1, 14.1, 11.2. 

 Methyl (E,E)-3,5-Bis[4-(4-{4-[3,5-bis(2-ethyl)hexyloxystyryl]styryl} 

phenoxymethyl)benzyloxy]benzoate (3.29).  A mixture of 3.28 (261 mg, 0.377 mmol), 

methyl 3,5-dihydroxybenzoate (31 mg, 187 mmol), K2CO3 (132 mg, 0.955 mmol), and 

18-crown-6 (7 mg, 0.02 mmol) in acetone (5 mL) under Ar was stirred for 48 hrs.  The 

reaction was then concentrated in vacou, dissolved in CH2Cl2 (25 mL), washed with H2O 

(2 x 15 mL) and sat. NaCl (15 mL), and dried (MgSO4).  The mixture was then 

concentrated to remove most of the solvent and precipitated into methanol to yield 3.29 

(260 mg, 94%) as a yellow solid: 1H NMR δ 7.44-7.53 (m, 20 H), 7.30 (d, J = 2.3 Hz, 2 

H), 6.93-7.13 (m, 12 H), 6.80 (t, J = 2.3 Hz, 1 H), 6.66 (d, J = 2.0 Hz, 4 H), 6.40 (t, J = 

2.0 Hz, 2 H), 5.10 (s, 4 H), 5.09 (s, 4 H), 3.91(s, 3 H), 3.86 (d, J = 5.5 Hz, 8 H), 1.73 

(septet, J = 5.8 Hz, 4 H), 1.34-1.56 (m, 32 H), 0.88-0.97 (m, 24 H). 13C NMR (125 MHZ, 

CDCl3) 166.7, 160.8, 159.7, 158.5, 139.2, 136.9, 136.3, 128.59, 128.56, 128.08, 127.77, 

127.75, 127.69, 126.8, 126.6, 126.4, 115.1, 108.5, 105.1, 70.6, 70.0, 69.8, 52.3, 39.5, 

30.6, 29.1, 23.9, 23.1, 14.1, 11.2. 

 (E,E)-3,5-Bis[4-(4-{4-[3,5-bis(2-ethyl)hexyloxystyryl]styryl}phenoxymethyl) 

benzyloxy]benzyl alcohol (3.30).  To a slurry of LiAlH4 (173 mg, 4.56 mmol) in THF 

(25 mL) was added 3.29 (2.7 g, 1.8 mmol) in additional THF (25 mL).  The reaction was 

allowed to stir at ambient temperature for 10 hrs followed by the addition of H2O (0.17 
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mL), 15% NaOH (0.17 mL), H2O (0.50 mL) again, and MgSO4.  The mixture was then 

filtered and concentrated to a yellow foam.  The residue was purified by dissolving in a 

minimal amount of hot EtOAc, cooling to 0 °C to give a yellow slurry and adding MeOH 

to precipitate.  The resulting solid was filtered, washed with cold MeOH and dried to 

yield 3.30 (2.5 g, 94%) as a yellow powder: 1H NMR (250 MHz, CDCl3) δ 7.44-7.48 (m, 

20 H), 6.93-7.12 (m, 12 H), 6.66 (d, J = 2.3 Hz, 4 H), 6.63 (d, J = 2.3 Hz, 2 H), 6.54 (t, J 

= 2.3 Hz, 1 H), 6.40 (t, J = 2.3 Hz, 2 H), 5.10 (s, 4 H), 5.06 (s, 4 H), 5.64 (d, J = 6.0 Hz, 2 

H), 3.86 (d, J = 5.5 Hz, 8 H), 1.73 (septet, J = 5.8 Hz, 4 H), 1.62 (t, J = 6.0 Hz, 1 H), 

1.25-1.59 (m, 32 H), 0.89-0.97 (m, 24 H); 13C NMR (125 MHz, CDCl3) 160.8, 160.1, 

158.5, 143.5, 139.2, 137.0, 136.7, 136.6, 136.3, 130.5, 128.6, 128.5, 128.1, 127.74, 

127.70, 127.6, 126.8, 126.4, 115.1, 105.8, 105.0, 101.4, 101.0, 70.6, 69.8, 65.3, 65.2, 

39.5, 30.6, 29.1, 23.9, 23.1, 14.1, 11.1.  

 N,N’-(E,E)-4-Bis{4-[3,5-Bis(2-ethyl)hexyloxystyryl]styryl}benzyl 

quinacridone (3.34).  A suspension of quinacridone (310 mg, 0.991 mmol) and (nBu)4NI 

(1.5 g, 3.9 mmol) in toluene (15 mL) was heated to 95 °C.  50% aq. NaOH (200 mg, 5.00 

mmol) was then added and the blue suspension was allowed to stir for 4 h at 95 °C.  The 

reaction was then returned to 80 °C and 3.19 (1.5 g, 2.5 mmol) dissolved in toluene (35 

mL) was then added.  The reaction continued at 80 °C for 3 days at which time it was 

concentrated. The red solid was then redissolved in CHCl3 (300 mL), washed with H2O 

(2 x 100 mL) and brine (100 mL), dried (MgSO4), and concentrated.  Purification by 

column chromatography (dryloaded from CHCl3; 100% CH2Cl2 to remove 3.19 and 3.18 

which is a byproduct of the reaction, and then 1:1 CHCl3/THF to remove 3.34) results in 
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a red solid.  The solid is then dissolved in a minimum amount of CHCl3 and an equal 

amount of hexanes and then precipitated into MeOH.  Filtration collects 3.34 (884 mg, 

63%) as a red solid: 1H NMR (500 MHz, CD2Cl2) δ 8.65 (s, 2 H), 8.49 (dd, J = 8.0, 1.5 

Hz, 2 H), 7.70 (ddd, J = 8.5, 7.0, 2.0 Hz, 2 H), 7.55 and 7.30 (AA’BB’ pattern, J = 8.5 

Hz, 8 H), 7.51 (s, 8 H), 7.47 (d, J = 8.5 Hz, 2 H), 7.28 (t, J = 7.0 Hz, 2 H), 7.14 and 7.13 

(AB pattern, J = 16.0 Hz, 4 H), 7.10 and 7.06 (AB pattern, J = 16.0 Hz, 4 H), 6.66 (d, J = 

2.5 Hz, 4 H), 6.39 (t, J = 4.0 Hz, 2 H), 5.81 (broad s, 4 H), 3.84-3.90 (m, 8 H), 1.73 

(septet, J = 6.0 Hz, 4 H), 1.33-1.55 (m, 32 H), 0.90-0.96 (m, 24 H); 13C NMR (125 MHz, 

CDCl3) 178.0, 160.7, 142.8, 139.1, 137.1, 136.7, 136.6, 136.5, 134.8, 134.6, 128.8, 

128.6, 128.4, 127.8, 127.3, 126.9, 126.8, 126.3, 121.3, 121.2, 115.2, 113.9, 104.5, 100.9, 

70.5, 65.3, 39.4, 30.5, 29.1, 23.9, 23.1, 14.1, 11.2; MS (MALDI) m/z 1412.03 (M+, 

C98H112N2O6 requires 1412.85). Anal Calcd for C98H112N2O6: C, 83.25; H, 7.98; N, 1.98. 

Found: C, 82.88; H, 7.89; N, 1.79. 

 N,N’-(E,E)-3,5-Bis[4-(4-{4-[3,5-bis(2-ethyl)hexyloxystyryl]styryl} 

phenoxymethyl)benzyloxy]benzylquinacridone(3.35).  To a cooled (0 °C) solution of 

3.30 (2.4 g, 1.7 mmol) and Et3N (340 mg, 3.37 mmol) in CH2Cl2 (100 mL) was added 

mesyl chloride (340 mg, 2.97 mmol) dropwise and the mixture was allowed to warm to 

ambient temperature.  After 24 hrs, the mixture was poured over H2O (150 mL), 

separated, and the organic layer was washed with H2O (150 mL) and sat. NaCl (150 mL), 

dried (MgSO4), and concentrated to a yellow foam, which 1H NMR indicates is a mixture 

of mesylate 3.31 and chloride 3.32.  Separately, to a heated (95 °C) suspension of 

quinacridone (209 mg, 0.671 mmol) and (nBu)4NI (989 mg, 2.68 mmol) in toluene (30 
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mL) was added 50% NaOH (130 mg, 3.25 mmol) resulting in a blue suspension.  The 

temperature was decreased to 80 °C followed by addition of the 3.31/3.32 mixture in 

toluene (20 mL).  After 3 days, the reaction was concentrated, partitioned between 

CH2Cl2 (100 mL) and H2O (100 mL), extracted with CH2Cl2 (3 x 50 mL), washed with 

H2O (100 mL) and sat. NaCl (100 mL), dried (MgSO4), and concentrated.  Purification 

by column chromatography (dryloaded from CHCl3; 100% CH2Cl2 to remove non-

quinacridone impurities, then 10:9:1 CH2Cl2/Hex/THF to remove 3.35) results in an 

orange solid.  Dissolving in a minimum amount of CH2Cl2 and precipitating in MeOH 

yields 3.35 (1.3 g, 58%) as an orange solid: 1H NMR (500 MHz, CD2Cl2) δ 8.59 (s, 2 H), 

8.50 (dd, J = 8.0, 1.5 Hz, 2 H), 7.67 (ddd, J = 8.5, 7.0, 1.5 Hz, 2 H), 7.54-7.56 (m, 2 H), 

7.49 and 7.47 (AA’BB’ pattern, J = 8.5 Hz, 16 H), 7.44 and 6.93 (AA’BB’ pattern, J = 

8.5 Hz, 16 H), 7.38 (d, J = 8.5 Hz, 2 H), 7.33 and 7.29 (AA’BB’ pattern, J = 8.5 Hz, 16 

H), 7.10 and 7.05 (AB pattern, J = 16.0 Hz, 8 H), 7.08 and 6.98 (AB pattern, J = 16.0 Hz, 

8 H), 6.66 (d, J = 2.0 Hz, 8 H), 6.54 (t, J = 2.0 Hz, 2 H), 6.48 (d, J = 2.0 Hz, 4 H), 6.39 (t, 

J = 2.0 Hz, 4 H), 5.67 (broad s, 4 H), 5.00 (s, 8 H), 4.96 (s, 8 H), 3.84-3.91 (m, 16 H), 

1.73 (septet, J = 6.0 Hz, 8 H), 1.33-1.60 (m, 64 H), 0.91-0.97 (m, 48 H); MS (MALDI) 

m/z 3184.23 (M+, C218H248N2O18 requires 3184.87). 

 Methyl 3,5-bis(dodecyloxy)benzoate (3.36).  Compound 3.36105 was prepared as 

follows.  A mixture of methyl 3,5-dihydroxybenzoate (21.6 g, 89.2 mmol), dodecyl 

bromide (80.9 g, 325 mmol), and K2CO3 (53.6 g, 388 mmol) was refluxed in acetone 

(300 mL) under Ar for 20 hrs.  The mixture was filtered while still hot and the product 

precipitated in the filtrate.  The product was then filtered and washed with acetone. 
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Recrystallization in acetone afforded 3.36 (46.9 g, 72%) as a white solid: 1H NMR (250 

MHz, CDCl3) δ 7.16 (d, J = 2.3 Hz, 2 H), 6.63 (t, J = 2.3 Hz, 1 H), 3.96 (t, J = 6.5 Hz, 4 

H), 3.89 (s, 3 H), 1.77 (quintet, J = 6.5 Hz, 4 H), 1.26-1.44 (m, 36 H), 0.88 (t, J = 6.5 Hz, 

6 H). 

 3,5-Bis(dodecyloxy)benzyl alcohol (3.37).  Compound 3.3792 was prepared as 

follows.  To a slurry of LiAlH4 (6.5 g, 172 mmol) in THF (400 mL) was added 3.37 

(34.6g, 68.6 mmol).  The reaction continued for 20 hrs at ambient temperature at which 

point H2O (6.5 mL), 15% NaOH (6.5 mL), and again H2O (19 mL) was added.  The 

mixture was filtered through silica gel, dried (MgSO4), and concentrated to a white solid.  

Recrystallization in hexanes yielded 3.37 (30.4 g, 93%) as a colorless solid: 1H NMR 

(250 MHz, CDCl3) δ 6.49 (d, J = 2.3 Hz, 2 H), 6.37 (t, J = 2.3 Hz, 1 H), 4.62 (d, J = 6.3 

Hz, 2 H), 3.93 (d, J = 6.5 Hz, 4 H), 1.76 (quintet, J = 6.5 Hz, 4 H), 1.59 (t, J = 6 Hz, 1 H), 

1.26-1.42 (m, 36 H), 0.88 (t, J = 6.3 Hz, 6 H). 

 3,5-Bis(dodecyloxy)benzaldehyde (3.38).  Compound 3.3892 was prepared as 

follows.  To a solution of PCC (14.6 g, 67.7 mmol) in CH2Cl2 (400 mL) under Ar was 

added 3.37 (21.5 g, 45.2 mmol) in CH2Cl2 (100 mL) to give a brown mixture.  The 

mixture was continued at ambient temperature for 20 hrs until TLC (SiO2, 8:1:1 Hex/ 

CH2Cl2/Et2O) indicated completion.  The reaction was filtered through silica gel and 

concentrated to a brown solid.  Purification by column chromatography (95:5 Hex/ Et2O) 

afforded 3.38 (20.9 g, 97%) as a colorless solid: 1H NMR (250 MHz, CDCl3) δ 9.89 (s, 1 

H), 6.98 (d, J = 2.3 Hz, 2 H), 6.69 (t, J = 2.3 Hz, 1 H), 3.98 (t, J = 6.5 Hz, 4 H), 1.79 

(quintet, J = 6.5 Hz, 4 H), 1.26-1.45 (m, 36 H), 0.88 (t, J = 6.5 Hz, 6 H). 
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 (E)-3,5-Bis(dodecyloxy)-4’-(hydroxymethyl)stilbene (3.40).  To a cooled (0 °C) 

solution of 3.13 (10.8 g, 37.8 mmol) in THF (300 mL) under Ar was added KOtBu (8.5 

g, 76 mmol) and the yellow/orange mixture was allowed to stir at 0 °C for 30 min, at 

which time 3.38 (17.9 g, 37.7 mmol) dissolved in THF (100 mL) was added dropwise.  

After 16 hrs, 1N HCl (200 mL) was added and the reaction turned yellow.  The THF was 

then removed in vacou, Et2O (400 mL) was added and the layers were separated.  The 

organic layer was washed with H2O (100 mL) and sat. NaCl (100 mL), dried (MgSO4), 

concentrated, dissolved in THF (100 mL) and added to a slurry of LiAlH4 (3.6 g, 95 

mmol) in THF (200 mL).  This reaction was continued for 18 hrs, at which time H2O (3.6 

mL), 15% NaOH (3.6 mL), and H2O (10.8 mL) was added slowly.  The reaction was 

filtered through silica gel, dried (Mg2SO4) and concentrated to a tan solid.  Purification 

by column chromatography (9:1 Hex/EtOAc) yielded 3.40 (16.9 g, 77%) as a colorless 

solid: 1H NMR (250 MHz, CDCl3) δ 7.49 and 7.35 (AA’BB’ pattern, J = 8.3 Hz, 4 H), 

7.07 and 7.02 (AB pattern, J = 16.3 Hz, 2 H), 6.65 (d, J = 2.3 Hz, 2 H), 6.38 (t, J = 2.3 

Hz, 1 H), 4.70 (d, J = 5.5 Hz, 2 H), 3.97 (t, J = 6.5 Hz, 4 H), 1.78 (quintet, J = 6.5 Hz, 4 

H), 1.64 (t, J = 5.5 Hz, 1 H), 1.26-1.46 (m, 36 H), 0.88 (t, J = 6.3 Hz, 6 H); 13C NMR 

(63MHz, CDCl3) 160.5, 140.3, 139.1, 136.7, 128.9, 128.5, 127.4, 126.7, 105.1, 100.9, 

68.1, 65.1, 31.9, 29.65, 29.63, 29.59, 29.58, 29.39, 29.34, 29.28, 26.0, 22.7, 14.1. 

 (E)-4-[3,5-Bis(dodecyloxy)styryl]benzaldehyde (3.41).  To a solution of PCC 

(3.9 g, 18 mmol) in CH2Cl2 (250 mL) under Ar was added 3.40 (7.0 g, 12 mmol).  The 

black mixture was allowed to stir for 24 hrs, then filtered through silica gel and 

concentrated to a brown solid.  Purification by column chromatography (95:5 Hex/Et2O) 
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afforded 3.41 (5.8 g, 84%) as a yellow solid: 1H NMR (250 MHz, CDCl3) δ 9.89 (s, 1 H), 

7.83 and 7.63 (AA’BB’ pattern, J = 8.3 Hz, 4 H), 7.17 and 7.10 (AB pattern, J = 16.5 Hz, 

2 H), 6.67 (d, J = 2.3 Hz, 2 H), 6.43 (t, J = 2.3 Hz, 1 H), 3.97 (t, J = 6.5 Hz, 4 H), 1.79 

(quintet, J = 6.5 Hz, 4 H), 1.26-1.48 (m, 36 H), 0.88 (t, J = 6.5 Hz, 6 H); 13C NMR (63 

MHz, CDCl3) 191.5, 160.6, 143.3, 138.3, 135.3, 132.4, 130.2, 127.6, 126.9, 105.5, 101.7, 

68.1, 31.9, 29.66, 29.63, 29.60, 29.58, 29.39, 29.34, 29.26, 26.1, 22.7, 14.1. 

 (E,E)-3,5-Bis(dodecyloxy)-4’-[(hydroxymethyl)styryl]stilbene (3.43).  To a 

cooled (0 °C) solution of 3.13 (6.6 g, 23.2 mmol) in THF (150 mL) under Ar was added 

KOtBu (5.3 g, 46.9 mmol) to give an orange suspension.  3.41 (13.4 g, 23.2 mmol) in 

additional THF (50 mL) was added dropwise and the reaction was allowed to return to 

ambient temperature.  After 22 hrs, 1N HCl (100 mL) was added and the reaction was 

stirred for 30 min.  The solvent was then removed in vacou, Et2O (200 mL) was added, 

and the layers were separated.  The organic layer was washed with H2O (100 mL) and 

sat. NaCl (100 mL), dried (MgSO4), concentrated to a yellow solid, dissolved in THF 

(150 mL) and subsequently added to a slurry of LiAlH4 (2.2 g, 58.8 mmol) in THF (250 

mL).  After 4 hrs, H2O (2.2 mL), 15% NaOH (2.2 mL), and again H2O (6.6 mL) were 

added followed by MgSO4.  The mixture was filtered and concentrated to a yellow solid.  

Recrystallization in EtOH yielded 3.43 (14.8 g, 94%) as a pale yellow powder: 1H NMR 

(250 MHz, CDCl3) δ 7.52 and 7.36 (AA’BB’ pattern, J = 8.3 Hz, 4 H), 7.49 (s, 4 H), 7.11 

(s, 2 H), 7.06 and 7.04 (AB pattern, J = 16.0 Hz, 2 H), 6.66 (d, J = 2.3 Hz, 2 H), 6.39 (t, J 

= 2.3 Hz, 1 H), 4.70 (s, 2 H), 3.97 (t, J = 6.5 Hz, 4 H), 1.79 (quintet, J = 6.5 Hz, 4 H), 

1.66 (broad s, 1 H), 1.27-1.49 (m, 36 H), 0.88 (t, J = 6.5 Hz, 6 H); 13C NMR (63 MHz, 
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CDCl3) 160.5, 140.3, 139.2, 136.8, 136.7, 128.8, 128.5, 128.3, 128.1, 127.4, 126.9, 

126.8, 126.7, 105.1, 100.9, 68.1, 65.2, 31.9, 29.67, 29.64, 29.61, 29.59, 29.40, 29.35, 

29.30, 26.0, 22.7, 14.1.   

 (E,E)-3,5-Bis(dodecyloxy)-4’-[(chloromethyl)styryl]stilbene (3.44).  To a 

solution of 3.43 (104 mg, 0.153 mmol) and DMF (0.1 mL) in CH2Cl2 (10 mL) under Ar 

was added thionyl chloride (24 mg, 0.21 mmol) slowly.  After 1.5 hrs, the mixture was 

quenched by the addition of sat. NaHCO3 (5 mL) and allowed to stir for 30 min.  The 

mixture was separated and the organic layer was washed with sat. NaHCO3 (2 x 10 mL), 

H2O (10 mL), sat. NaCl (10 mL), dried (MgSO4), and concentrated.  Recrystallization 

from hexanes gave 3.44 (103 mg, 96%) as a yellow solid: 1H NMR (500 MHz, CDCl3) δ 

7.50 and 7.37 (AA’BB’ pattern, J = 8.0 Hz, 4 H), 7.49 (s, 4 H), 7.10 (s, 2 H), 7.06 and 

7.04 (AB pattern, J = 16.0 Hz, 2 H), 6.65 (d, J = 2.0 Hz, 2 H), 6.39 (t, J = 2.0 Hz, 1 H), 

4.59 (s, 2 H), 3.97 (t, J = 6.5 Hz, 4 H), 1.79 (quintet, J = 7.0 Hz, 4 H), 1.46 (quintet, J = 

7.5 Hz, 4 H), 1.23-1.37 (m, 32 H), 0.87-0.89 (t, J = 6.5 Hz, 6 H); 13C NMR (63 MHz, 

CDCl3) 160.5, 139.1, 137.5, 136.8, 136.7, 136.4, 129.0, 128.9, 128.8, 128.5, 127.8, 

126.9, 126.8, 105.1, 104.0, 100.9, 68.1, 46.1, 31.9, 29.66, 29.63, 29.60, 29.58, 29.4, 

29.34, 29.29, 26.1, 22.7, 14.1. 

 Methyl (E,E)-3,5-bis(4-{4-[3,5-bis(dodecyloxy)styryl]styryl}benzyloxy) 

benzoate (3.45).  A mixture of 3.44 (1.4 g, 2.0 mmol), methyl 3,5-dihydroxybenzoate 

(165 mg, 0.982 mmol), K2CO3 (0.672 g, 4.86 mmol), 18-crown-6 (26 mg, 0.098 mmol), 

NaI (68 mg, 0.45 mmol) in DMF (60 mL) under Ar was heated to 80 °C for 6 days.  The 

mixture was then diluted with CH2Cl2 (100 mL) and washed with H2O (2 x 50 mL), sat. 
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NH4Cl (50 mL) and sat. NaCl (50 mL), dried (MgSO4) and concentrated.  

Recrystallization in EtOAc gave 3.44 (1.2 g, 83%) as a yellow solid: 1H NMR (500 MHz, 

CDCl3) δ 7.53 and 7.41 (AA’BB’ pattern, J = 8.0 Hz, 8 H), 7.50 (s, 8 H), 7.30 (d, J = 2.5 

Hz, 2 H), 7.12 (s, 4 H), 7.07 and 7.04 (AB pattern, J = 16.0 Hz, 4 H), 6.81 (t, J = 2.5 Hz, 

1 H), 6.65 (d, J = 2.5 Hz, 4 H), 6.39 (t, J = 2.5 Hz, 2 H), 5.08 (s, 4 H), 3.97 (t, J = 7.0 Hz, 

8 H), 3.91 (s, 3 H), 1.79 (quintet, J = 7.0 Hz, 8 H), 1.46 (quintet, J = 7.0 Hz, 8 H), 1.27-

1.36 (m, 64 H), 0.88 (t, J = 7.0 Hz, 12 H); 13C NMR (125 MHz, CDCl3) 166.7, 160.5, 

159.7, 139.1, 137.3, 136.7, 136.6, 135.8, 132.1, 128.8, 128.6, 128.5, 128.0, 127.9, 126.88, 

126.86, 126.7, 108.5, 105.1, 100.9, 70.1, 68.1, 52.3, 31.9, 29.68, 29.65, 29.62, 29.60, 

29.42, 29.36, 29.31, 26.1, 22.7, 14.1. 

 (E,E)-3,5-bis(4-{4-[3,5-bis(dodecyloxy)styryl]styryl}benzyloxy)benzyl alcohol 

(3.46).  To a slurry of LiAlH4 (140 mg, 3.69 mmol) in THF (50 mL) was added slowly 

3.45 (2.2 g, 1.5 mmol) dissolved in an additional 50 mL of THF.  After 3 hrs, the reaction 

was quenched by adding H2O (0.14 mL), 15% NaOH (0.14 mL), and again H2O (0.42 

mL).  MgSO4 was added and the reaction was filtered and washed with acetone.  The 

filtrate was concentrated to an orange solid.  Recrystallization in EtOAc afforded 3.46 

(1.8 g, 84%) as a yellow powder: 1H NMR (500 MHz, CDCl3) δ 7.52 and 7.40 (AA’BB’ 

pattern, J = 8.0 Hz, 8 H), 7.49 (s, 8 H), 7.11 (s, 4 H), 7.07 and 7.03 (AB pattern, J = 16.0 

Hz, 4 H), 6.65 (d, J = 2.0 Hz, 4 H), 6.63 (d, J = 2.0 Hz, 2 H), 6.55 (t, J = 2.0 Hz, 1 H), 

6.39 (t, J = 2.0 Hz, 2 H), 5.05 (s, 4 H), 4.64 (d, J = 6.5 Hz, 2 H), 3.97 (t, J = 6.5 Hz, 8 H), 

1.79 (quintet, J = 6.5 Hz, 8 H), 1.64 (t, J = 6.5 Hz, 1 H), 1.46 (quintet, J = 6.5 Hz, 8 H), 

1.16-1.36 (m, 64 H), 0.88 (t, J = 6.5 Hz, 12 H); 13C NMR (125 MHz, CDCl3) 160.5, 
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160.2, 139.2, 137.2, 136.7, 136.6, 136.2, 128.8, 128.6, 128.5, 128.1, 127.9, 126.88, 

126.86, 126.7, 105.9, 105.1, 101.4, 101.1, 69.9, 68.1, 65.3, 31.9, 29.68, 29.65, 29.62, 

29.60, 29.42, 29.36, 29.34, 26.1, 22.7, 14.1. 

 (E,E)-3,5-bis(4-{4-[3,5-bis(dodecyloxy)styryl]styryl}benzyloxy)benzyl 

chloride (3.47).  To a solution of 3.46 (0.635 g, 0.433 mmol) and DMF (0.1 mL) in 

CH2Cl2 (75 mL) under Ar was added thionyl chloride (80 mg, 0.69 mmol) slowly.  After 

2.5 hrs, the mixture was quenched by the addition of sat. NaHCO3 (50 mL) and allowed 

to stir for 1 hr.  The mixture was separated and the organic layer was washed with sat. 

NaHCO3 (2 x 50 mL), H2O (50 mL), sat. NaCl (50 mL), dried (MgSO4), and 

concentrated to give 3.47 (0.6 g, 95%) as a yellow solid: 1H NMR (500 MHz, CDCl3) δ 

7.53 and 7.40 (AA’BB’ pattern, J = 8.5 Hz, 8 H), 7.49 (s, 8 H), 7.12 (s, 4 H), 7.07 and 

7.04 (AB pattern, J = 16 Hz, 4 H), 6.65-6.66 (m, 6 H), 6.57 (t, J = 2.0 Hz, 1 H), 6.39 (t, J 

= 2.0 Hz, 2 H), 5.05 (s, 4 H), 4.52 (s, 2 H), 3.97 (t, J = 6.5 Hz, 8 H), 1.79 (quintet, J = 7.0 

Hz, 8 H), 1.46 (quintet, J = 7.5 Hz, 8 H), 1.26-1.37 (m, 64 H), 0.88 (t, J = 6.5 Hz, 12 H); 

13C NMR (125 MHz, CDCl3) 160.5, 160.1, 139.6, 139.1, 137.2, 136.7, 136.6, 135.9, 

128.8, 128.6, 128.5, 128.0, 127.9, 126.9, 126.8, 126.7, 107.7, 105.1, 102.1, 100.9, 69.9, 

68.1, 46.3, 31.9, 29.68, 29.65, 29.62, 29.60, 29.42, 29.36, 29.31, 26.1, 22.7, 14.1; MS 

(MALDI) m/z 1483.92 (M+H+, C101H139ClO6 requires 1484.03). 

 N,N’-(E,E)-4-Bis{4-[3,5-Bis(dodecyloxy)styryl]styryl}benzyl quinacridone 

(3.48).  A mixture of quinacridone (179 mg, 0.573 mmol), powdered KOH (65 mg, 1.2 

mmol), potassium iodide (23 mg, 0.14 mmol), and 18-crown-6 (22 mg, 0.08 mmol) in 

DMSO (15 mL) was heated to 40 °C, resulting in a blue mixture.  After 2 hrs, 3.44 (0.91 
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g, 1.3 mmol) in DMSO (10 mL) was added and the mixture was continued for 3.5 days at 

55 °C.  Additional powdered KOH (56 mg, 1.0 mmol) and 3.44 (79 mg, 0.11 mol) were 

then added and the mixture was maintained at 55 °C for another 24 hrs, then cooled to 

ambient temparature.  The mixture was then diluted with CH2Cl2 (300 mL) and washed 

with H2O, sat. NH4Cl, and sat. NaCl (100 mL each).  After drying (MgSO4) and 

concentrating, the red mixture was diluted with CH2Cl2 (5 mL) and hexanes (5 mL) and 

precipitated into methanol.  The red precipitate was then purified by column 

chromatography (dryload; gradient 100% CH2Cl2 to 1:1 CH2Cl2/Et2O), again precipitated 

from a minimum amount of CH2Cl2/Hex into methanol, and washed with copious 

amounts of diethyl ether to remove any starting material (3.44) to yield 3.48 (301 mg, 

32%) as a red solid: 1H NMR (500 MHz, CDCl3) δ 8.64 (s, 2 H), 8.43-8.50 (m, 2 H), 7.64 

(t, J = 7.5 Hz, 2 H), 7.49 (d, J = 8.0 Hz, 4 H), 7.47 (s, 8 H), 7.40 (t, J = 8.5 Hz, 2 H), 

7.25-7.27 (m, 6 H), 6.99-7.06 (m, 8 H), 6.64 (d, J = 2.0 Hz, 4 H), 6.38 (t, J = 2.0 Hz, 2 

H), 5.73 (br s, 4 H), 3.96 (t, J = 6.5 Hz, 8 H), 1.78 (quintet, J = 7.0 Hz, 8 H), 1.45 

(quintet, J = 7.5 Hz, 8 H), 1.27-1.37 (m, 64 H), 0.88 (t, J = 7.0 Hz, 12 H); MS (MALDI) 

m/z 1636.04 (M+H+, C114H144N2O6 requires 1636.10). 

 N,N’-(E,E)-3,5-bis(4-{4-[3,5-bis(dodecyloxy)styryl]styryl}benzyloxy)benzyl 

quinacridone (3.49).  A mixture of quinacridone (25 mg, 0.079 mmol), powdered KOH 

(12 mg, 0.21 mmol), potassium iodide (75 mg, 0.45 mmol) and 18-crown-6 (19 mg, 0.73 

mmol) in DMSO (15 mL) was heated to 55 °C for 4 hrs.  3.47 (300 mg, 0.202 mmol) in 

CH2Cl2 (10 mL) was then added and the mixture was maintained at 55 °C.  After 5 days, 

the mixture was cooled to ambient temperature, diluted with chloroform (100 mL) and 
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washed with sat. NH4Cl, H2O, and sat. NaCl (30 mL each), dried (MgSO4), filtered and 

concentrated.  Column chromatography (dryload; 100% CH2Cl2) followed by 

precipitation from a minimum amount of CH2Cl2 in excess methanol afforded 3.49 (25 

mg, 10%) as a red solid: 1H NMR (500 MHz, CD2Cl2) δ 8.52-8.56 (m, 4 H), 7.70 (ddd, J 

= 8.5, 7.0, 1.5 Hz, 2 H), 7.56 and 7.53 (AA’BB’ pattern, J = 8.5 Hz, 16 H), 7.43 and 7.27 

(AA’BB’ pattern, J = 8.0 Hz, 16 H), 7.39 (d, J = 8.5 Hz, 2 H), 7.32 (t, J = 7.5 Hz, 2 H), 

7.15 and 7.10 (AB pattern, J = 16.0 Hz, 8 H), 7.11 (s, 8 H), 6.69 (d, J = 1.5 Hz, 8 H), 

6.60 (t, J = 1.5 Hz, 2 H), 6.48 (d, J = 1.5 Hz, 4 H), 6.42 (t, J = 1.5 Hz, 4 H), 5.66 (broad s, 

4 H), 5.00 (s, 8 H), 4.01 (t, J = 6.5 Hz, 16 H), 1.83 (quintet, J = 6.5 Hz, 16 H), 1.50 

(quintet, J = 6.5 Hz, 16 H), 1.32-1.44 (m, 128 H), 0.93 (t, J = 7.0 Hz, 24 H); MS 

(MALDI) m/z 3208.91 (M+H+, C222H289N2O14 requires 3208.20). 

 (E)-3,5-Bis(dodecyloxy)-4’-(chloromethyl)stilbene (3.50).  To a solution of 3.40 

(8.2 g, 14 mmol) and DMF (0.1 mL) in CH2Cl2 (300 mL) was added thionyl chloride (2.5 

g, 21 mmol) via syringe.  After 30 min, the reaction was quenched by the addition of sat. 

NaHCO3 (100 mL) and allowed to stir for 1 hr.  The mixture was separated and the 

organic layer was washed with sat. NaHCO3 (100 mL), H2O (100 mL), sat. NH4Cl (100 

mL), and sat. NaCl (100 mL).  After drying (MgSO4), the organic fractions were 

concentrated to yield 3.50 (8.5 g, 100%) as a yellow oil: 1H NMR (500 MHz, CDCl3) δ 

7.48 and 7.36 (AA’BB’ pattern, J = 8.0 Hz, 4 H), 7.05 and 7.02 (AB pattern, J = 16.0 Hz, 

2 H), 6.64 (d, J = 2.5 Hz, 2 H), 6.39 (t, J = 2.5 Hz, 1 H), 4.59 (s, 2 H), 3.97 (t, J = 6.5 Hz, 

4 H), 1.79 (quintet, J = 6.5 Hz, 4 H), 1.46 (quintet, J = 6.5 Hz, 4 H), 1.26-1.37 (m, 32 H), 

0.88 (t, J = 7.0Hz, 6 H); 13C NMR (125 MHz, CDCl3) 160.5, 138.9, 137.5, 136.7, 129.5, 
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128.9, 128.2, 126.8, 105.1, 101.0, 68.1, 46.1, 31.9, 29.68, 29.65, 29.62, 29.60, 29.41, 

29.36, 29.30, 26.1, 22.7, 14.1. 

 (E)-3,5-Bis(dodecyloxy)-4’-(diethoxyphosphorylmethyl)stilbene (3.51).  A 

solution of 3.50 (2.3 g, 3.8 mmol) in triethylphosphite (0.8 g, 5 mmol) was refluxed for 2 

days.  Additonal triethylphosphite was added (0.5 g, 3 mmol) and the mixture continued 

refluxing for 3 days.  Excess triethylphosphite was removed by distillation, and the 

resulting residue was purified by column chromatography (9:1 CH2Cl2/Et2O) to yield 

3.51 (1.6 g, 59%) as a yellow oil: 1H NMR (500 MHz, CDCl3) δ 7.44 (d, J = 8.0 Hz, 2 

H), 7.28 (dd, J = 8.0, 2.0 Hz, 2 H), 7.04 and 7.00 (AB pattern, J = 16.0 Hz, 2 H), 6.64 (d, 

J = 2.0 Hz, 2 H), 6.38 (t, J = 2.0 Hz, 1 H), 4.02-4.05 (m, 4 H), 3.97 (t, J = 6.5 Hz, 4 H), 

3.16 (d, J = 22 Hz, 2 H), 1.78 (quintet, J = 6.5 Hz, 4 H), 1.46 (quintet, J = 7.0 Hz, 4 H), 

1.24-1.36 (m, 38 H), 0.88 (t, J = 7.5 Hz, 6 H); 13C NMR (125 MHz, CDCl3) 160.5, 139.1, 

135.9, 131.0 (d, JCP = 9.8 Hz), 130.0 (d, JCP = 6.8 Hz), 128.7 (d, JCP = 1.8 Hz), 128.5 (d, 

JCP = 2.2 Hz), 126.6 (d, JCP = 3.3 Hz), 105.1, 100.9, 68.1, 62.1 (d, JCP = 6.8 Hz), 33.6 (d, 

JCP = 137.3 Hz), 31.9, 29.66, 29.63, 29.61, 29.59, 29.4, 29.34, 29.30, 26.1, 22.7, 16.4 (d, 

JCP = 5.9 Hz), 14.1. 

 (E,E)-3,5-Bis(dodecyloxy)-4’-[(4-hydroxy)styryl]stilbene (3.52).  To a cooled 

(0 °C) solution of 3.51 (1.519 g, 2.173 mmol) in THF (50 mL) was added potassium t-

butoxide (0.382 g, 3.40 mmol) to give a red mixture which was maintained at 0 °C for 30 

min.  3.21 (0.444 g, 2.15 mmol) in THF (10 mL) was then added and the mixture was 

allowed to warm to ambient temparature.  After 20 hrs, 1 N HCl (50 mL) and methanol 

(50 mL) were added and the mixture was refluxed for 5 hrs.  The organic solvents were 
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removed in vacuo and the remaining mixture was extracted with CH2Cl2 (3 x 25 mL).  

The combined organic fractions were washed with 1 N HCl, H2O, and sat. NaCl (20 mL 

each), dried (MgSO4), and concentrated.  Recrystallization in ethanol afforded 3.52 (0.7 

g, 49%) as a yellow solid: 1H NMR (500 MHz, CDCl3) δ 7.47 (s, 4 H), 7.41 and 6.83 

(AA’BB’ pattern, J = 8.5 Hz, 4 H), 7.06 and 7.02 (AB pattern, J = 16.0 Hz, 2 H), 7.06 

and 6.96 (AB pattern, J = 16.0 Hz, 2 H), 6.65 (d, J = 2.0 Hz, 2 H), 6.38 (t, J = 2.0 Hz, 1 

H), 4.71 (s, 1 H), 3.97 (t, J = 6.5 Hz, 4 H), 1.79 (quintet, J = 6.5 Hz, 4 H), 1.46 (quintet, J 

= 6.5 Hz, 4 H), 1.27-1.36 (m, 32 H), 0.88 (t, J = 6.5 Hz, 6 H); 13C NMR (125 MHz, 

CDCl3) 160.5, 155.2, 139.2, 137.0, 136.2, 130.4, 128.6, 128.5, 128.0, 127.9, 126.8, 

126.5, 126.3, 115.6, 105.1, 100.9, 68.1, 31.9, 29.68, 29.65, 29.62, 29.60, 29.42, 29.36, 

29.31, 26.1, 22.7, 14.1. 

 (E,E)-3,5-Bis(dodecyloxy)-4’-{[4-(3-hydroxy)propyloxy]styryl}stilbene (3.54).  

A mixture of 3.52 (0.691 g, 1.03 mmol), 3-chloropropanol (0.5 g, 5 mmol), potassium 

carbonate (286 mg, 2.06 mmol), 18-crown-6 (6 mg, 0.02 mmol), and sodium iodide (10 

mg, 0.07 mmol) in DMF (5 mL) was maintained at 65 °C for 20 hrs.  Additional 3-

chloropropanol (0.4 g, 4 mmol) was added and the mixture continued for 24 hrs.  The 

mixture was then diluted with CH2Cl2 (50 mL) and washed with H2O, sat. NH4Cl, and 

sat. NaCl (30 mL each), dried (MgSO4) and concentrated.  Purification by column 

chromatography (gradient 3:6:1 CH2Cl2/Hex/Et2O to 100% CH2Cl2) afforded 3.54 (0.6 g, 

77%) as a yellow solid: 1H NMR (500 MHz, CDCl3) δ 7.47 (s,4 H), 7.45 and 6.90 

(AA’BB’ pattern, J = 9.0 Hz, 4 H), 7.07 and 7.02 (AB pattern, J = 16.0 Hz, 2 H), 7.06 

and 6.97 (AB pattern, J = 16.0 Hz, 2 H), 6.65 (d, J = 2.0 Hz, 2 H), 6.38 (t, J = 2.0 Hz, 1 
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H), 4.15 (t, J = 6.0 Hz, 2 H), 3.97 (t, J = 6.5 Hz, 4 H), 3.88 (q, J = 5.5 Hz, 2 H), 2.07 

(quintet, J = 6.0 Hz, 2 H), 1.79 (quintet, J = 6.5 Hz, 4 H), 1.70 (t, J = 5.5 Hz, 1 H), 1.46 

(quintet, J = 6.5 Hz, 4 H), 1.27-1.37 (m, 32 H), 0.88 (t, J = 6.5 Hz, 12 H); 13C NMR (125 

Hz, CDCl3) 160.9, 158.9, 139.6, 137.5, 136.6, 130.7, 129.0, 128.9, 128.5, 128.2, 127.3, 

127.0, 126.7, 115.1, 105.5, 101.3, 68.5, 66.2, 60.9, 32.43, 32.36, 30.11, 30.08, 30.05, 

30.03, 29.84, 29.79, 29.74, 26.5, 23.1, 14.6. 

 Monomer (3.56).  A mixture of 3.54 (422 mg, 0.582 mmol), methacrylic acid 

(0.3 g, 3 mmol), dicyclohexylcarbodiimide (0.616 g, 2.99 mmol), and 4Å molecular 

sieves were stirred for 12 hrs, followed by addition of N,N-dimethylaminopyridine (15 

mg, 0.12 mmol).  After 2 days, the mixture was filtered to remove a white precipitate as 

well as the sieves, and washed with THF.  The filtrate was concentrated, redissolved in a 

minimum amount of CH2Cl2 and precipitated into excess methanol to yield 3.56 (444 mg, 

96%) as a white solid: 1H NMR (500 MHz, CDCl3) δ 7.47 (s, 4 H), 7.44 and 6.89 

(AA’BB’ pattern, J = 9.0 Hz, 4 H), 7.07 and 7.02 (AB pattern, J = 16.0 Hz, 2 H), 7.06 

and 6.97 (AB pattern, J = 16.0 Hz, 2 H), 6.65 (d, J = 2.5 Hz, 2 H), 6.38 (t, J = 2.5 Hz, 1 

H), 6.10-6.12 (m, 1 H), 5.57 (dq, J = 1.5, 1.5 Hz, 1 H), 4.36 (t, J = 6.5 Hz, 2 H), 4.09 (t, J 

= 6.0 Hz, 2 H), 3.97 (t, J = 6.5 Hz, 4 H), 2.18 (quintet, J = 6.5 Hz, 2 H), 1.95 (dd, J = 1.0, 

1.0 Hz, 3 H), 1.79 (quintet, J = 6.5 Hz, 4 H), 1.46 (quintet, J = 7.0 Hz, 4 H), 1.27-1.37 

(m, 32 H), 0.88 (t, J = 7.0 Hz, 12 H); 13C NMR (125 MHz, CDCl3) 167.4, 160.5, 158.5, 

139.2, 137.0, 136.3, 136.2, 130.3, 128.6, 128.5, 128.1, 127.7, 126.8, 126.5, 126.3, 125.5, 

114.7, 105.1, 100.9, 68.1, 64.5, 61.5, 31.9, 29.68, 29.65, 29.62, 29.60, 29.42, 29.36, 

29.31, 28.7, 26.1, 22.7, 18.3, 14.1. 
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Polymer (3.58).  A heavy-walled flask fitted with a Teflon valve closure was kept 

in the dark and charged with 3.56 (110 mg, 0.139 mmol), methyl methacrylate (1.4 g, 14 

mmol), CuBr (21 mg, 0.14 mmol), 2,2’-bipyridine (69 mg, 0.44 mmol), and methyl 2-

bromopropionate (24 mg, 0.14 mmol).  The mixture was freeze-pump-thaw degassed 

(three cycles), sealed, and heated to 100 °C with stirring for 12 hrs.  The mixture was 

then cooled to ambient temperature, dissolved in CH2Cl2 (25 mL), filtered through 

neutral alumina, and washed with copius amounts of CH2Cl2.  The filtrate was then 

concentrated, dissolved in minimum (10 mL) CH2Cl2 and precipitated into methanol (300 

mL).  The precipitation procedure was repeated twice to yield polymer 3.58 (1.2 g, 75%) 

as a white solid: 1H NMR (500 MHz, CDCl3) δ 7.48 (s, 4 H), 7.45 and 6.91 (AA’BB’ 

pattern, J = 8.0 Hz, 4 H), 7.09 and 6.98 (AB pattern, J = 16.0 Hz, 2 H), 7.06 and 7.03 

(AB pattern, J = 16.0 Hz, 2 H), 6.65 (d, J = 2.0 Hz, 2 H), 6.38 (t, J = 2.0 Hz, 2 H), 4.14-

4.19 (m, 2 H), 4.05-4.10 (m, 2 H), 3.98 (t, J = 6.5 Hz, 4 H), 3.43-3.78 (m, 252 H), 1.75-

2.20 (m, 176 H), 1.18-1.49 (m, 30 H), 1.02 (br s, 97 H), 0.80-0.91 (m, 170 H). 

(E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’-[(4-methoxy)styryl]stilbene (3.60).  To a 

cooled (0 °C) solution of 3.23 (3.5 g, 6.0 mmol) in THF (100 mL) under Ar was added 

potassium tert-butoxide (2.0 g, 18 mmol) slowly.  The orange suspension was maintained 

at 0 °C for 20 min before adding anisaldehyde (820 mg, 6.00 mmol).  After 22 h, the red 

solution was quenched by adding 1 N HCl (25 mL), which immediately resulted in a 

yellow color.  The THF was removed in vacou and the aqueous layer was extracted with 

diethyl ether (3 x 75 mL).  The combined organic fractions were washed with H2O (2 x 

50 mL) and sat. NaCl (50 mL).  After drying (MgSO4), the mixture was concentrated to a 
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yellow foam.  Purification by column chromatography (dryload; 49:1 Hex/Et2O) affords 

3.60 (1.8 g, 53%) as a yellow solid: 1H NMR (250 MHz, CDCl3) δ 7.48 (s, 4 H), 7.46 and 

6.90 (AA’BB’ pattern, J = 8.5 Hz, 4 H), 7.08 and 7.04 (AB pattern, J = 16 Hz, 2 H), 7.07 

and 6.97 (AB pattern, J = 16 Hz, 2 H), 6.66 (d, J = 2.0 Hz, 2 H), 6.40 (t, J = 2.0 Hz, 1 H), 

3.87 (m, 4 H), 3.84 (s, 3 H), 1.73 (septet, J = 6.0 Hz, 2 H), 1.31-1.53 (m, 16 H), 0.90-0.96 

(m, 12 H); 13C NMR (125 MHz, CDCl3) 160.7, 159.3, 139.1, 137.0, 136.2, 130.1, 128.55, 

128.51, 128.1, 127.7, 126.8, 126.5, 126.2, 114.2, 104.9, 100.9, 70.5, 55.3, 39.5, 30.6, 

29.1, 23.9, 23.1, 14.1, 11.2. 

 (E,E)-3,5-Bis[(2-ethylhexyl)oxy]-4’-[(4-methylmethoxy)styryl]stilbene (3.61). 

To a cooled (0 °C) solution of 3.18 (.950 g, 1.67 mmol) in THF (8 mL) under Ar was 

added NaH (143 mg, 5.97 mmol) slowly resulting in a yellow suspension.  To this 

mixture was added methyl iodide (360 mg, 2.57 mmol) dropwise and the mixture was 

allowed to warm to ambient temperature.  After 20 h, the mixture was quenched by 

adding 1N HCl (10 mL) and then extracted with Et2O (3 x 10 mL).  The combined 

organic fractions were washed with H2O, sat. NaHCO3, H2O again, and sat. NaCl (15 mL 

each), then dried (MgSO4) and concentrated to a yellow foam.  Flash chromatography 

(20:2:1 Hex/CH2Cl2/EtOAc) afforded 3.61 (0.530 g, 55%) as a yellow solid: 1H NMR 

(250 MHz, CDCl3) δ 7.51 and 7.33 (AA’BB’ pattern, J = 8.0 Hz, 4 H), 7.50 (s, 4 H), 7.12 

and 7.10 (AB pattern, J = 16.5 Hz, 2 H), 7.08 and 7.05 (AB pattern, J = 16.0 Hz, 2 H), 

6.66 (d, J = 2.5 Hz, 2 H), 6.40 (t, J = 2.5 Hz, 1 H), 4.47 (s, 2 H), 3.84-3.90 (m, 4 H), 3.40 

(s, 3 H), 1.73 (septet, J = 6.0 Hz, 2 H), 1.38-1.56 (m, 16 H), 0.88-0.96 (m, 12 H); 13C 

NMR (125 MHz, CDCl3) 160.7, 139.1, 137.6, 136.8, 136.7, 136.6, 128.8, 128.5, 128.2, 
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128.1, 126.84, 126.79, 126.5, 105.0, 100.9, 74.4, 70.5, 58.1, 39.5, 30.6, 29.1, 23.9, 23.1, 

14.1, 11.2. 
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4. Intermolecularly Crosslinkable Quinacridone-Cored Dendrimers 

 

4.1 Introduction 

4.1.1 Crosslinking polymers for multi-layer OLEDs 

Advances in OLEDs include multi-layer devices in which each layer possesses a 

specific function, i.e. hole-transport, electron-transport, emission, etc.  By utilizing this 

multi-layer design, OLEDs can achieve balanced charge injection from the holes and 

electrons, ensuring that recombination occurs in the emission zone of the device rather 

then annihilation of charges at the electrodes preventing exciton formation.  

Processing has long been a major challenge for multi-layer OLED development.  

While vacuum deposition of layers allows for uniform, thin films in a controlled manner, 

this relatively expensive process precludes the design of large area displays.  In contrast. 

solution processing provides a method by which soluble organic materials can be spread 

over large, flexible areas rather inexpensively.  However, this method limits the number 

of layers that can be incorporated into a device since spin-casting each subsequent 

solution layer jeopardizes the integrity of the previously spun layer.  Although this can be 

circumvented by using orthogonal solvents,1 organic OLED materials often possess 

limited solubility due to the rigidity of their conjugated segments.  Another method 

involves the spin-casting of a soluble polymer precursor, followed by polymerization to 

afford an insoluble layer.  This method was used in development of the first PLED 

containing the conjugated polymer PPV (1.3).2  Unfortunately, this approach requires that 

each layer consist of a material that is insoluble in its active form, and is subsequently not 
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applicable for many OLED materials.  Therefore, the need exists for solution processible 

materials which can then be rendered insoluble after spin-casting. 

Other solution-processible techniques that have been previously accessible only 

by vacuum deposition include the ability to pattern materials by standard 

photolithographic methods utilizing a shadow mask.  Recent developments in solution 

processing such as ink-jet printing3,4 have allowed for high-resolution patterning. 

However, this process requires a pre-wetting step in which wettable spots are patterned 

on a substrate prior to ink-jet printing to prevent the spots from spreading beyond the 

desired pattern.5,6 

 In addition to ink-jet printing, solution processed patternable layers for OLEDs 

have been formulated using cross-linkable polymers.7-19  Efforts in this area were initially 

focused on hole-transport layers (HTL),7-17 since their deposition is typically the first 

organic layer onto which other layers, such as emission and electron-transport, are placed 

(Figure 1.1, diamine is the HTL).  These polymers can either contain cross-linkable 

moieties on the reactive monomer,7-10,19 or a hole-transport monomer can be 

copolymerized with a  side-chain crosslinkable group.11,13-18  In cases where there is a 

single, reactive, crosslinkable monomer, gelation occurs upon initiation of 

polymerization.  However, copolymers require that polymerization is achieved utilizing 

conditions orthogonal to crosslinking conditions.  After the linear polymer is formed, 

crosslinking is accomplished in a post-polymerization step.  Ideally, polymerization will 

occur without added initiators or with initiators that are easily removed in subsequent 
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washing or heating steps, since the presence of foreign functional groups might affect the 

performance of the device. 

 Marder and coworkers13-17 have successfully synthesized crosslinkable 

copolymers as HTLs based on either the 4,4’-bis(diarylamino)biphenyl (TPD)13-16 or 2,7-

bis(diarylamino)fluorene17,20 chromophore as the hole-transport material (Chart 4.1).  The 

crosslinking comonomer consisted of either a side-chain cinnamate or chalcone, capable 

of a [2 + 2] photodimerization, or a dicyclopentadiene moiety for ring-opening metathesis 

polymerization- (ROMP) type crosslinking.  Polymers 4.1-4.4 were synthesized from 

their acrylate monomers using AIBN as the initiator.13-17   
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Chart 4.1  Hole-transporting crosslinkable polymers (x:y is 0.7 to 0.3).13-17 

 

Following polymerization, the polymer was spun-cast onto a film and crosslinked 

by UV irradiation at 350 nm.  After a minimum UV exposure of 20 mJ/cm2, the film was 

considered crosslinked and could not be washed off by THF dippings, even after 80 

minutes.  The retention of integrity of the film was corroborated by little or no decrease 

 

Polymer R1 R2 R3 R4 

4.1 H CH3 H H 

4.2 H H OCH3 CH3 

4.3 H F H CH3 

4.4 F H F CH3 
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in absorptivity.  By masking the film before crosslinking, the polymer could be patterned 

with feature sizes from 10 to 50 µm (Figure 4.1). 

 

 

Figure 4.1  Photograph of a patterned film of 4.2 after UV exposure (25 mJ/cm2) and development.16 

  

Polymers based on 2,7-bis(diarylamino)fluorene chromophores17,20 (4.7 and 4.8) 

are more readily oxidized than their TPD counterparts and, hence, were of interest as 

HTLs.  Switching to a norbornene backbone, as opposed to acrylate, gives the polymer 

two distinct advantages, (a) hole mobilities are increased in the norbornene case by 

increasing the non-polar nature of the backbone, and (b) ROMP polymerization of 

norbornenes affords lower polydispersities and more precise control over molecular 

weight than AIBN polymerization of acrylates.  Crosslinking could be achieved by either 

copolymerization with a photocrosslinkable side-chain group such as cinnamate 
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(requiring a post-polymerization curing step), or simply copolymerizing with 

dicyclopentadiene.  Incorporation of these HTLs into OLEDs is expected. 

More recently, crosslinkable polymers containing emissive groups have been 

developed for use in multi-color OLEDs.19  Copolymerizations between a diboronic ester 

spirobifluorene monomer 4.9 with 4.10 and other dibromo chromophoric monomers 

4.11-4.15 are achieved by Suzuki polycondensation in varying monomer feed ratios for 

color tuning purposes (Figure 4.2 and Table 4.1).  Only those polymers which contained 

comonomer 4.10 were able to be crosslinked when photoinitiator 4.20 was added to the 

thin film.  Polymers showed no evidence of shrinkage upon crosslinking and the 

photoinitiator could be completely removed after crosslinking by washing with THF and 

heating to 180 °C for 5 min to remove any volatile byproducts.  Single-layer OLEDs 

were fabricated for each of the polymers 4.16-4.19 and the efficiencies of 4.16-4.18 were 

nearly identical before and after crosslinking.  Efficiencies also remained similar for 

devices from uncrosslinked 4.16 and 4.19, indicating that the addition of oxetane 

functionalities did not affect the performance of the device.  Taking advantage of the 

patternable properties of crosslinkable polymers, pixelated multi-colored devices were 

formed from the three different colored polymers 4.16-4.19.  To show that there was no 

mixing of the polymer layers (and hence colors), identical devices were fabricated 

successfully even after varying the order of polymer deposition.   
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Table 4.1  Monomer composition of emissive crosslinkable polymers 4.16-4.19.19 

Comonomer 
(% of each) 

4.16 
(X-blue) 

4.17 
(X-green) 

4.18 
(X-red) 

4.19 
(blue) 

4.9 50 50 50 50 
4.10 25 25 25  
4.11 15   40 
4.12 10 10 10 10 
4.13  15   
4.14   10  
4.15   5  
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Figure 4.2  Scheme of emissive crosslinkable copolymers 4.16-4.19 and photoacid generator 4.20.19 

The scope of solution processible materials for multi-colored devices has been 

realized by the use of crosslinkable polymers and the impact these types of materials can 
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have in industry remains to be seen.  Areas of improvement still exist such as (a) reliance 

on a photoinitiator to achieve crosslinking; and (b) low PL quantum yields existing for 

conjugated polymers.  Improvements could be made if the photoinitiated crosslinkable 

group was replaced by one requiring only UV initiation (no outside moiety).  Also, if the 

conjugated polymers were insulated to prevent interchain coupling, higher PL might 

result that could lead to improvements in EL efficiency.  Dendrimers appended with 

photoinitiated crosslinkable groups at the periphery and insulated chromophores at the 

core offer a potential solution.  Before explaining this approach utilizing dendrimers of 

this type, a brief history of crosslinkable dendrimers will be given. 

4.1.2 Crosslinkable dendrimers 

The precise placement of specific groups at the periphery of dendrimers, indeed 

their very nature, allows for their use as crosslinkers.  In order for crosslinking to occur, 

certain structural requirements must be met.  It is not sufficient to have monomers of 

Type I, II, or IV (Figure 4.3).  Indeed, these will only result in linear polymers (black and 

red balls denote reactive functionalities).  Only when additional reactive sites are 

introduced into a system will crosslinking be possible.  A simple requirement of 3 or 

more reactive groups can achieve crosslinking (Type III) for condensation polymers and 

2 or more reactive groups (Type V) for chain polymers. 
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Figure 4.3  Requirements for crosslinking for both condensation- and chain-type polymerizations. 
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 This figure demonstrates how dendrimers might act as crosslinkers, both to 

themselves and to other materials.  Because the number of peripheral units doubles with 

increasing generation in an AB2 monomer system, generation size can be expected to 

play an important role in the extent of crosslinking and gelation into a network.  Indeed, 

much like crosslinking in linear polymers, variables exist such as rigidity and mobility of 

backbone or branches, which allows for diffusion of the crosslinkable groups and to some 

extent, controls the change in free volume upon crosslinking.  Crosslinking dendrimers 

raises new issues, such as accessibility to the core after crosslinking at the periphery, 

ability of crosslinkable groups in a dense environment to react in high yield, and whether 

there is a generational size dependence on the ability to crosslink.  Many of these 

questions are difficult to answer since upon gelation, only solid state characterization 

techniques are typically possible. 

 Crosslinking dendrimers exist in three main categories, (a) dendrimers as cross-

linking agents towards non-dendritic materials,21-48 (b) dendrimers capable of 

intramolecular crosslinking to form a periphery network,49-58 and (c) dendrimers which 

crosslink in an intermolecular fashion to create insoluble crosslinked networks.  Although 

we are mainly interested in intermolecularly crosslinked dendrimers, a brief review of all 

three types will be presented here. 

4.1.2.1 Dendrimers as crosslinking agents 

The most common use for the crosslinking capability of dendrimers is as cross-

linking agents (CLA), implying that dendrimers engage in heterogeneous crosslinking 

with other materials.  These materials include metal systems such as clusters,21 
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nanoparticles,22-24 and nanowires,25 as well as multivalent metals which can coordinate to 

several dendrimer periphery groups.26,27  Dendrimers are also often crosslinked to linear 

polymers such as poly(vinyl alcohol)28 or poly(styrenesulfonate)29 for potential drug-

delivery systems as well as other polymers such as poly(ethylene glycol) (PEG) for the 

preparation of amphiphilic hydrogels.30,31  Mayoral and coworkers32,33 have crosslinked 

dendrimer to linear polymers containing chiral ligands to successfully immobilize the 

chiral catalytic sites and thereby improve activity and selectivity.  Along these lines, 

Sellner and Seebach have incorporated active chiral ligands such as TADDOL,34,35 

BINOL,36 and Salen derivatives37,38 directly into cores of dendrimers which were 

appended with styryl groups at the periphery and then incorporated as CLA into 

polystyrenes for immobilization and subsequent enhanced selectivity and efficiency.  

Other applications include crosslinking poly(amidoamine) (PAMAM) dendrimers with 

polyimides for higher gas selectivities in polymeric membrane materials,39,40 as well as 

surface modification and activation by either crosslinking dendrimers to each other via 

small molecule bridges41 or crosslinking dendrimers to a copolymer consisting of 

poly(maleic anhydride)-c-poly(methyl vinyl ether) termed Gantrez.42,43  

4.1.2.2 Intramolecularly crosslinked dendrimers 

Zimmerman and coworkers49-58 have pioneered the intramolecular crosslinking of 

dendrimers for molecular imprinting.  Poly(aryl ether) dendrimers (Fréchet-type) were 

appended at the periphery to include homoallyl or allyl groups in the 3 and 5 positions for 

ring-closing metathesis (RCM) reactions with Grubbs’ catalyst in dilute solutions.  

“Coring” of these crosslinked dendrimers, often by hydrolysis of the ester core, revealed 
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intact molecular imprints which could be used to bind small molecule guests by hydrogen 

bonding51,53 and/or reaction with amines (if specific functional groups are present in 

interior).54,56 Furthermore, control over the size of the interior binding site (and entire 

imprint) is controlled by the choice of ester core moiety (template) used as well as the 

number and size of dendrons that the template accommodates.  For example, larger 

imprints are formed from [G2] octyl-substituted porphyrin dendrimers51,53,57 (porphyrin is 

later removed by hydrolysis) than a [G2] tri-substituted 1,3,5-benzenetricarboxylate 

cored dendrimer.49,50,55  

 Limitations of this work included the need for dilute solutions to prevent 

intermolecular crosslinking as well as the need for a post-polymerization work-up (often 

unnecessary for UV polymerizations) to remove the catalyst.  Successful attempts were 

made to increase the concentration while retaining only intramolecular reactions by 

nestling the allyl groups in an interior generation of the dendrimer and capping this 

generation with another layer of bulky dendrons (Chart 4.2).50  Although there was a 

slight decrease in extent of intramolecular crosslinking for the interior allyl groups 

compared to the exterior case (83% versus 92%, respectively), at higher concentrations, 

4.22 showed fewer intermolecular crosslinks than its exterior counterpart 4.21 (as 

evidenced by integration of SEC traces).  
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Chart 4.2  Intramolecularly crosslinkable dendrimers with interior and exterior allyl groups.50 

 

 In addition to unimolecular imprints, organic nanotubes have also been developed 

by polymerization along the dendrimers center axis followed by “coring” of the 

porphyrin template (Scheme 4.1).52  The dendrimer was constructed with a homoallyl 

[G2] tetra-substituted porphyrin 4.23, which was metallated to give 4.24 and then 
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oligomerized with succinic acid acting as a bridging ligand affording 4.25.  Following 

crosslinking (interdendrimer as well as intradendrimer), the porphyrin core polymer was 

removed by base hydrolysis and the subsequent nanotube 4.27 was analyzed by size 

exclusion chromatography (SEC) to reveal that the nanotube was intact, although whether 

the interior cavity remained hollow or collapsed would require further investigation. 

 

 

Scheme 4.1  Formation of organic nanotubes from polymerized porphyrin dendrimer nanotubes.52 

 

4.25 

4.26 4.27 
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4.1.2.3 Intermolecularly crosslinked dendrimers 

The final category of crosslinkable dendrimers is those which participate in 

intermolecular homogeneous crosslinking between identical dendrimers.  The 

crosslinkable periphery groups consist of three main types: acrylates,59-67 

organosilicon,68-70 and trifluoroethylene moieties which were reviewed in Section 2.1.1.1 

as part of site isolation of chromophores in non-linear optical dendrimers.71-79 

 Dendrimers and dendronized polymers with acrylate end groups have been 

pursued by Grinstaff and coworkers64-67 for their ability to seal corneal lacerations.  

Although convergent methods have recently been developed,67 a divergent approach is 

typically employed for the synthesis of the poly(glycerol-succinic acid) dendrons 

(glycerol is the AB2 branching monomer) around a PEG chain (Mw 3400).64-66  Divergent 

growth includes the deprotection of the benzilidene (bzld) acetals at each generation for 

further reactions with derivatized succinic acid linkers for generational growth or 

methacrylic anhydride to yield crosslinkable liquid dendrimers 4.37-4.40 (Scheme 4.2). 

64-66  These dendrimers are all acid/base and enzymatically degradable, furthering their 

biocompatibility.   
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Scheme 4.2  Synthesis of poly(glycerol-succinic acid) photocrosslinkable dendrimers with repetitive steps, 
(a) DMAP, CH2Cl2, 14 h, and (b) H2, Pd(OH)2/C, CH2Cl2/CH3OH (2:1), 8 h, and attachment of 
methacrylate by, (c) methacrylic anhydride, DMAP, CH2Cl2 (4.30, 4.32, 4.34) or THF (4.36), 14 h.64-66 

 

 

Dendrimers appended with methacrylate groups at the periphery (4.37-4.40) were 

applied in a 10 µL dose (with ethyleosin as photoinitiator and triethylamine as co-
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catalyst) to a 4.1 mm corneal laceration.  Following photopolymerization with an argon 

ion laser (200 mW, 1 s exposures, 50 s total irradiation time) the seals made with the 

different dendrimers were compared to nylon sutures made on the same size laceration.  

While problems existed for [G0] 4.37 (did not seal), [G2] 4.39 (crosslinked too quickly), 

and [G3] 4.40 (precipitated before polymerization), [G1] 4.38 outperformed the nylon 

sutures in pressure and stresses that the seal could withstand, as well as time required to 

seal the laceration (Figure 4.4).  The mechanism of sealing is believed to be one of 

physical entrapment in which the crosslinking dendrimer and the corneal tissue form an 

interpenetrating network.  Further development of these and other dendrimers is 

underway as corneal laceration sealants. 

 

 

Figure 4.4  Image of a sealed corneal laceration (horizontal line between the two arrowheads) using 
crosslinked 4.38.64 
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 Poly(glycerol-succinic acid) dendrimers containing a succinimidyl ester core 

(replacing the PEG core in the corneal laceration work) were functionalized at their 

periphery to include homoallyl succinimidyl esters as the crosslinkable group rather than 

methacrylates.66  When spun-cast onto glass from CH2Cl2 solutions containing the 

dendrimer and photoinitiator (2,2-dimethoxy-2-phenylacetophenone), the dendrimers 

could be irradiated through a photomask (λmax = 375 nm, 15 min) and developed with 

hexanes to reveal 100 µm lines as seen by scanning electron microscopy (SEM) (Figure 

4.5).66  These appear to be the first example of patterned, crosslinkable, biodegradable 

dendrimers and their applications could range from tissue engineering to drug delivery. 

 

 

Figure 4.5  SEM image of patterned, crosslinked poly(glycerol-succinic acid) dendrimers.  Light images 
are the dendrimer-gels.66 
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 Organosilicon groups on the periphery of dendrimers are capable of crosslinking 

merely by exposure to atmospheric conditions, which provides enough moisture to 

achieve the condensation reaction necessary for crosslinking.69,70  Hydrolysis followed by 

condensation of two neighboring alkoxy-substituted silyl groups creates a new Si-O-Si 

bond, binding the dendrimers.  Microcontact printing (µCP), a technique used to provide 

high (submicron) resolution patterned features, has been employed onto glass and silicon 

wafers with PAMAM dendrimers appended with organosilyl groups, to achieve patterns 

of ≤10 µm (Figure 4.6).70  By varying conditions such as contact time and dendrimer 

concentration, good films can be achieved with discernable features.  These patterns are 

particularly stable when µCP is followed by an air-drying or curing step in which the 

dendrimers are capable of intermolecular crosslinking; washing µCP patterns before 

crosslinking results in smearing of the patterns.  It is hoped that these crosslinked, 

patterned films will find use in a wide range of applications, including electronic devices 

and sensor technology. 
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Figure 4.6  AFM image of crosslinked PAMAM dendrimer (1 wt.% in methanol) with organosilyl 
periphery groups stamped by µCP onto a glass substrate with a 5 min contact time.70 

 

 

 In addition to these main types of intermolecular crosslinkable dendrimers, a 

single publication has emerged which discusses the use of cinnamoyl moieties on 

dendritic peripheries as intermolecular crosslinkers which bears mentioning as it pertains 

to our research goals (Section 4.1.3).  Boiko et al80 have pursued photoresponsive liquid 

crystalline dendrimers by placing the mesogens on the periphery of carbosilane 

dendrimers.  The mesogens, 4-methoxycinnamoyls, are capable of photoinduced E→Z 

isomerization in solution, and [2 + 2] photodimerization in the solid state.81-83  Therefore, 

although photoirradiation at 313 nm in both CH2Cl2 solution and thin films showed 

decreased absorption of the trans-cinnamoyl band (λmax = 313 nm), the rate of decrease in 

thin films was much greater than in solution (Figure 4.7), as thin film processes are 

thought to include both E→Z isomerization and [2 + 2] photocrosslinking.  Indeed, 

irradiated thin films provided cross-linked material that could not be rinsed off. 
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Figure 4.7  Decrease in absorbance over time for irradiation of a cinnamoyl-terminated dendrimer in 
solution (CH2CL2; 1.36 x 10-2 mg/mL) and in a thin film.80 

 

4.1.3 Research goals 

The use of dendrimers for multi-layer OLEDs is an area in which the author 

wishes to contribute.  Dendrimers are necessary to effectively site-isolate small molecules 

(as shown in Chapter 2) and it is hypothesized that if high-generation dendrons appended 

with photocrosslinkable moieties are constructed around a photoactive chromophore core 

such as quinacridone, spin-casting followed by photocrosslinking should result in films 

which are solvent resistant and robust, yet still retain their emission properties.  

Additionally, utilizing a crosslinking group which does not require any chemical initiator 

(only photons) is desired.  Choosing a crosslinkable group which absorbs strongly in the 

UV/Vis range should allow crosslinking to be monitored by UV/Vis spectroscopy.  The 

specific project goals are, (a) to synthesize and characterize crosslinkable dendrons of 
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several generations containing a UV/Vis absorbing photocrosslinkable group at the 

periphery with a λmax that does not overlap with our core chromophore’s absorbance, (b) 

to attach these dendrons at their electrophilic focal point to quinacridones using 

conditions developed in Chapters 2 and 3, (c) to determine conditions and dendron 

generation necessary to effectively photocrosslink thin films of the crosslinkable 

dendrimers while retaining site-isolation properties (hence, high PL quantum yields), and 

(d) to use standard photolithography techniques to photopattern these dendrimers with 

features ≤ 75 nm.  These goals will be addressed in the following sections. 

 

4.2 Synthesis of photocrosslinkable quinacridone cored dendrimers 

4.2.1 Synthesis of benzyl(aryl ether) dendrons with pendant cinnamate groups 

The dendrimers were synthesized in a convergent fashion beginning with the 

peripheral crosslinkable group.  The choice of the peripheral crosslinkable group was 

governed by the following desired properties: the crosslinkable group could be, (a) 

photoinitiated without a chemical co-initiator; (b) monitored by UV (high molar 

absorptivity); (c) chemically inert to the reaction conditions necessary for buildup of 

generation; (d) relatively soluble for synthetic ease; (e) ability to form intermolecular 

bonds.   For these reasons, we initially chose to start with commercially available, 

inexpensive cinnamyl chloride.  Cinnamic acid and its derivatives are capable of a [2 + 2] 

photodimerization reaction in the solid state, which is easily monitored by UV (λmax = 

310 - 315 nm).81-83  Unfortunately, dendrons built with this cinnamyl group on the 

periphery were unstable and subject to decomposition, as indicated by the scent of 
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cinnamon when the cinnamyl groups were falling off the dendron.  The group was then 

replaced with another cinnamic acid derivative, methyl cinnamate substituted at the para-

phenol with a propoxy group for increased solubility.  Although this group worked quite 

well for Marder and coworkers13-17 in their crosslinkable hole-transport polymers, it was 

soon discovered that in higher generations ([G2]), the presence of four methyl esters 

made the dendron quite insoluble.  To overcome this problem, ethyl ester cinnamate 

dendrons were constructed.  Commercially available 4-hydroxycinnamate 4.41 was 

esterified in good yield (92%) to give the ethyl ester 4.42.  Mitsunobu coupling of the p-

phenol with 3-chloropropanol afforded 4.43 in 73%.  By using the Mitsunobu reaction 

here instead of Williamson ether coupling followed by halogenation, the synthesis is 

reduced by one step.  Coupling of 4.43 with 3,5-dihyroxybenzylalcohol 4.44 in DMF, 

followed by chlorination with thionyl chloride (SOCl2) afforded the electrophilic [G1] 

dendron 4.46.  Homologation steps include coupling of 4.46 with the dendritic monomer 

4.44 to afford the second generation dendron 4.47 which can be chlorinated to yield 4.48, 

the [G2] electrophile.  Attempts to synthesize [G3] and higher dendrons were 

unsuccessful due to increasing solubility problems as well as unremovable C-alkylation 

side products.  Solvent changes might decrease the amount of C-alkylation while 

increases in the chain length of the ester might help with solubility.  Work in this area 

continues. 
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Scheme 4.3  Synthesis of [G0] – [G2] cinnamate dendrons 

 

4.2.2 Synthesis of crosslinkable quinacridone dendrimers 

With the dendritic chlorides, 4.46 and 4.48 in hand, the next step became coupling 

them to quinacridone.  The [G1] dendron 4.46 could be coupled with quinacridone using 

KOH in DMSO to yield the [G1] crosslinkable quinacridone dendrimer 4.49.  As in 

previous chapters (2 and 3), alkylation of quinacridone utilizing aq. NaOH/toluene or 

NaH/DMF resulted in over-alkylation or predominately monosubstitution, respectively.  

Indeed, the KOH/DMSO reaction was monitored closely so that the reaction was only 
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heated to the temperature (55 °C) required to deprotonate the quinacridone, as indicated 

by a change from a violet suspension to a homogeneous blue solution.  Heating the 

KOH/DMSO reaction above that temperature resulted in over-alkylation as evidenced by 

a peak of lower retention time observed by GPC. 

Second generation crosslinkable dendrimer 4.50 is synthesized by the coupling of 

4.48 with quinacridone.  However, this reaction proceeds in a much lower yield than the 

[G1] dendrimer 4.49 formation (15% vs 65%, respectively).  Poorer solubility of 4.48 in 

DMSO is likely the cause of the low yielding reaction.  Additionally, equal amounts of 

mono- and disubstitution were recovered, indicating perhaps that the steric bulk of the 

reaction prevents the successful incorporation of two substituents onto the quinacridone 

core.  Attempts to improve the reaction might include adding a co-solvent.  However, the 

difficulty lies in finding a solvent that will solubilize the electrophile, while still keeping 

the quinacridone anion in solution.  This might prove to be quite difficult, since 

quinacridone is the limiting factor with its low solubility in organic solvents, even in a 

deprotonated state.  Still, some compromise might be attainable if a systematic approach 

is undertaken.   
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Scheme 4.4  Synthesis of crosslinkable quinacridone dendrimers 4.49 and 4.50 
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4.3 Structural characterization of crosslinkable quinacridone dendrimers 

4.3.1 1H and 13C NMR characterization 

Dendrimers 4.49 and 4.50 were both characterized by 1H and 13C NMR.  Unlike 

quinacridone dendrimers reported in previous chapters, these cinnamate dendrimers 

possessed the highest solubility in chlorinated solvents seen so far, and therefore, 

substantial concentrations (ca. 5 mg/mL) in CDCl3 were prepared which did not show 

peak broadening, and 13C NMR was performed.  As in Chapter 3, 1H NMR spectra were 

taken in CD2Cl2 due to the overlap of a quinacridone proton resonance with the CHCl3 

peak (7.24 ppm) in CDCl3.  However, 13C NMR spectra were taken in CDCl3 and all 

carbon resonances were observed. 

4.3.2 Gel permeation chromatography (GPC) 

Dendrimers 4.49 and 4.50 were characterized by GPC to determine purity and 

relative molecular weight.  In determining reaction conditions capable of preventing 

over-alkylation of quinacridone, GPC proved a powerful tool.  In fact, after all column 

chromatographies, GPC traces on the higher resolution columns (see Section 2.3.2) were 

obtained for representative fractions, since removal of impurities was not detectable by 

TLC or NMR.  Figure 4.8 shows GPC traces for 4.49 and 4.50 for dendrimers 

synthesized under (a) aq. NaOH/toluene conditions, and (b) KOH/DMSO conditions.  

The absence of higher molecular weight impurities in (b) for both generations led to the 

use of the KOH/DMSO conditions for all subsequent quinacridone dendrimer syntheses.  

It should be reiterated that no other quick characterization technique (i.e. TLC, NMR, IR) 
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was capable of determining the purity (or impurity) of these dendrimers except GPC, and 

therefore, its usefulness cannot be overlooked. 

 

  

Figure 4.8  GPC traces of 4.49 and 4.50 synthesized using, (a) aq. NaOH/toluene, or (b) KOH/DMSO 

(a) 

(b) 
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4.3.3 Mass spectrometry (MS) and elemental analysis 

Dendrimers 4.49 and 4.50 were analyzed by MALDI MS in a dithranol matrix.  

As seen with dendrimers in previous chapters, this soft ionization technique provides 

minimal fragmentation.  For dendrimers 4.49 and 4.50, besides the molecular ion peak, a 

weak monosubstituted fragment peak (MW = 898.44 for 4.49 and 1607.79 for 4.50) is 

also observed. Elemental analysis of both 4.49 and 4.50 confirmed the compositions of 

the dendrimers. 

 

4.4 Photophysical characterization of crosslinkable quinacridone dendrimers 

4.4.1 Solution ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy 

Complete characterization by UV/Vis and PL spectroscopy was performed on 

dendrimers 4.49 and 4.50 in dilute CHCl3 solutions and compared to DIQA.  Of 

particular interest were any changes in molar absorptivity, quantum yield, or wavelength 

maxima (both absorbance and PL) resulting from incorporation of crosslinkable 

dendrimer segments onto the quinacridone core.  There also existed a desire to ascertain 

the ability of the dendrons to effectively site isolate the quinacridone cores before and 

after crosslinking.  Certain photophysical characteristics are presented in Table 4.2. 
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Table 4.2  Photophysical characterization data for DIQA and dendrimers 4.49 and 4.50 in CHCl3 

 
Dendrimer 

MW 
(g/mol) 

λmax, Abs  
(nm) 

10-4 ελmax 
(M-1 cm-1) 

λmax, PL 

(nm) 
 

Φ fl
a 

DIQA, 1.84d 452.59 524 1.79 537 0.85 
[G1], 4.49 1485.66 512 1.78 526 0.86 
[G2], 4.50 2903.25 512 1.68 525 1.08 

 

a measured versus a fluorescein standard (Φfl = 0.95) 0.1 M NaOH aq. solution84 
 

 Beer’s Law plots in CHCl3 solutions remain linear up to 10-3M for both 

dendrimers indicating no aggregation in solution which coincides with all other 

quinacridone compounds measured thus far.  The molar absorptivity of the dendrimers at 

the quinacridone wavelength compares well with that observed for DIQA, again 

indicating that the N-substitution of quinacridone does not affect quinacridone’s ability to 

absorb light.  The λmax for quinacridone absorbance is blue-shifted by 12 nm and is 

attributed to a substituent effect. 

 The molar absorptivity profiles in the quinacridone region (425-575 nm) for 

dendrimers 4.49 and 4.50 are shown in Figure 4.9(a), along with 2.19 and DIQA for 

comparison.  The spectra resemble DIQA in profile and all dendrimers are blue-shifted.  

The overlap for 4.49 and 2.19 is such that the spectra are indistinguishable.  Also of 

interest is the absorbance profile for the cinnamate and dendron region (250-400 nm) 

which is shown in Figure 4.9(b).  Additionally, the spectrum for 4.43 is also presented to 

gain insight into the nature of the cinnamate absorbance only, without the influence of the 

additional benzyl groups present in the dendron.  Multiplying the molar absorptivity 

spectrum by four or eight provides spectra that approximate the cinnamate region for 4.49 

and 4.50, respectively.  The calculated spectra correlate well with the observed spectra of 
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4.49 and 4.50.  Non-zero absorption by the dendrons (~ 310 nm) accounts for the 

observed spectra’s higher molar absorptivity in this region.  Significant overlap between 

the 295 nm cinnamate band and both the dendron and the quinacridone band gives rise to 

the large difference seen between the calculated and observed spectra at that particular 

wavelength (295 nm).  The 4.43 x 8 spectrum shows that the cinnamate groups contain 

two local maxima at 295 nm and 310 nm. The disappearance of both of these bands will 

be monitored by UV/Vis in Section 4.5 when the dendrimers are crosslinked. 

 



 308 

 

Figure 4.9  Molar absorptivity spectra of, (a) quinacridone region of dendrimers 4.49 and 4.50 compared 
with 2.19 and DIQA, and (b) cinnamate region of dendrimers 4.49 and 4.50 as well as dendron 4.43 (actual 
and calculated for 4 and 8 cinnamates per dendrimer) 

 
 

(a) 

(b) 
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 Quantum yield measurements were made against a fluorescein standard84 and 

calculated using Eq. 2.3.  The quantum yield for 4.49 matches well with that observed for 

DIQA and the benzyl-terminated dendrimers 2.13-2.15.  However, dendrimer 4.50 

consistently falls above the maximum limit of 1.0 (more photons cannot be emitted than 

are absorbed).  Considering that the error in this measurement is ca. 0.06 - 0.08, it is 

reasonable to expect that 4.50 has a quantum yield value near unity, similar to the 

measurements made for the t-butyl dendrimers 2.16-2.19.  Several different samples of 

4.50 were synthesized, and all gave quantum yield values greater than unity.  Although 

quantum yield measurements are somewhat concentration dependant (slight fluctuations 

are seen for concentrations as low as ca. 10-6 M), lower quantum yield values are 

expected for higher concentrations (due to excimer formation) and therefore can be ruled 

out as a source of error for 4.50.  Other possible sources of error include the UV/Vis 

measurement, which is made at such low concentrations that approach the lower 

usefulness limit of the instrument.  Measurements that are off by as much as 0.0008 

absorbance units can lower the quantum yield calculation by 0.2.  Therefore, there is a 

delicate balance between the concentrations being too low to be considered measurable 

(UV/Vis error) and too high to lower the emission due to aggregation (PL error). 

 Comparing solution photoluminescence measurements to those obtained for t-

butyl quinacridone dendrimers 2.16-2.19 and DIQA 1.84d provides preliminary 

information as to any minor amounts of aggregation occurring.  Spectra of 4.49, 4.50, and 

2.19 overlap to such an extent that they appear indistinguishable.  Recall that t-butyl 

dendrimers 2.16-2.19 consistently showed less intense shoulder bands ca. 565 nm 
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compared with benzyl-terminated 2.13-2.15 and DIQA, likely due to decreased amounts 

of aggregation afforded by the bulky t-butyl groups.  Figure 4.10 compares the emission 

spectra of both crosslinkable dendrimers 4.49 and 4.50 with [G3] benzyl- and t-butyl 

terminated quinacridone dendrimers, 2.15 and 2.19, respectively, as well as DIQA.  The 

crosslinkable dendrimers 4.49 and 4.50 resemble the t-butyl [G3] 2.19 in both λmax, PL and 

profile, indicating that both cinnamate dendrimers show limited aggregation (compared 

with DIQA and 2.15) as evident by the reduced intensity shoulder band as well as blue-

shifted λmax, PL.  This result indicates that the cinnamate groups act as bulky periphery 

groups, preventing association of quinacridone cores even in the lower generation.  

Ultimately, by comparing fluorescence spectra, the [G1] cinnamate dendron is as 

effective as an insulator to quinacridone as the [G3] t-butyl dendron, although quantum 

yield measurements indicate that in terms of electronic site isolation, the [G3] t-butyl 

dendrimer 2.19 is still more effective, most likely due to increased separation of the 

quinacridone cores as determined by the size of the dendrons. 
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Figure 4.10  Photoluminescence of crosslinkable dendrimers 4.49 and 4.50 and others for comparison.  All 
spectra were taken in ca. 10-6 M CHCl3 solution. 

 
 

4.4.2 Solid state ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy 

Thin films (ca. 50 nm) by ellipsometry were made by spin-casting from ca. 10-6 M 

CHCl3 solutions onto quartz and were investigated by UV/Vis and PL spectroscopy 

before crosslinking to determine their solid state aggregation properties.  As introduced at 

length in Section 2.4.2, a thin film spectra is considered to represent a non-aggregating 

dendrimer if the profile is similar to solution spectra.  In fact, the more “solution-like” the 

profile appears, the more non-aggregated the species.  With this in mind, consider Figure 

4.11 with the spectra for the crosslinkable dendrimers 4.49 and 4.50 as well as the spectra 

for the [G3] t-butyl dendrimer 2.19 and DIQA.  In Chapter 2, solid state spectroscopy 

indicated that 2.19 was the least aggregating dendrimer because its profile most 
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resembled the solution profile.  The crosslinkable dendrimers appear to be even less 

aggregating than 2.19 as their profile contains a more resolved shoulder band at ~490 nm, 

therefore further approaching the solution profile.  An additional tool used in Chapter 2 

for determination of non-aggregation, was the relative ratios of peak heights in the 

spectra.  For example, the DIQA spectra, indicative of the most aggregating species, 

reveals two peaks of equal height.  As generation increased in dendrimers 2.16-2.19, the 

blue-shifted peak began to decrease concomitant with an increase in the red-shifted peak.  

This was taken as a sign of decreasing aggregation.  However, in Figure 4.11 the higher 

generation 4.50 has a greater blue-shifted peak height than [G1] dendrimer 4.49.  This 

can be reconciled by a non-zero absorbance of the cinnamate dendron in this region 

(compare absorbances at 450 nm) which enhances the peak ratios in this case, and should 

not be seen as a sign of increased aggregation. 
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Figure 4.11  Normalized thin film (ca. 50 nm) absorbance spectra for crosslinkable dendrimers 4.49 and 
4.50.  All films were made by spin-casting from a CHCl3 solution (ca. 10-6) onto quartz. 

 
 

 Thin film PL spectra for dendrimers 4.49 and 4.50 are shown in Figure 4.12 along 

with 2.19 and DIQA for comparison.  Recall that a decreased red-shifted shoulder band in 

the solution PL spectra indicated that 4.49 and 4.50 were less aggregating in solution 

(reduced excimer emission) than dendrimers discussed previously (Chapter 2).  Thin film 

PL spectra corroborate this finding.  Figure 4.12 shows decreased amounts of red-shifted 

(excimer) emission for 4.49 and to a larger extent, 4.50.  The λmax decreases in the order 

DIQA > 2.19 > 4.49 > 4.50 indicating that both 4.49 and 4.50 are less aggregating in the 

solid state than the most non-aggregating t-butyl dendrimer 2.19.  This again points to the 

site-isolation ability of the cinnamate dendrons, furthering their potential as useful OLED 

materials. 
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Figure 4.12  Thin film (40-50 nm) PL spectra of dendrimers 4.49 and 4.50 with 2.19 and DIQA for 
comparison.  All films were made from spin-casting CHCl3 solutions (ca. 10-6 M) onto quartz 

 
 

PL efficiency compared to DIQA is summarized in Table 4.3 along with other 

relevant thin film photophysical data.  As expected, both 4.49 and 4.50 show pronounced 

increases in PL efficiency compared to DIQA.  Thin film UV/Vis and PL data indicate 

that the PL efficiency for the cinnamate dendrimers should be higher than that observed 

for the t-butyl dendrimers.  However, this was not the case.  A likely explanation for this 

is that although the cinnamate dendrons provide physical encapsulation of the 

chromophores to such an extent that aggregation is prevented, the size of the dendrons is 

not great enough to spatially isolate the chromophores at distances large enough to 

prevent self-quenching which would lower the PL efficiency.  Lower quantum yields for 

the [G1] dendrimer 4.48 (0.86) than those seen in the t-butyl series 2.16-2.19 (~1.0) 
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corroborate the lower PL efficiency for that dendrimer.  As of yet, a clear explanation 

does not exist for the PL efficiencies of 4.50 and 2.19 being equal when the quantum 

yields for both are very high and the solution and thin film spectra for 4.50 appear less 

aggregated.  However, dendrimer 2.19 is nearly twice the molecular weight of dendrimer 

4.50 and therefore the bulkiness of its dendrons is greater, leading to greater site isolation 

than is indicated in the quantum yield or solid state spectroscopy data. 

 

Table 4.3  Thin film photophysical characterization data for dendrimers 4.49 and 4.50 

 
Dendrimer 

MW 
(g/mol) 

λmax, Abs  
(nm) 

λmax, PL 
(nm) 

PL 
efficiency 

DIQA, 1.84d 452.59 498 594 1.0 
[G1], 4.49 1485.66 516 558 4.1 
[G2], 4.50 2903.25 519 551 6.4 

t-bu[G3], 2.19 5259.38 516 567 6.8 
 

 

4.5 Photocrosslinking of cinnamate dendrimers 

4.5.1 Monitored by UV/Vis spectroscopy 

In order for cinnamate dendrimers to be useful in multi-layer OLEDs, their 

crosslinking ability needed to be demonstrated.  The approach to this task was quite 

simple.  First, spin-cast films (film thickness 50-75 nm by ellipsometry) were prepared on 

quartz from ca. 10-3 M solutions of the dendrimers in CHCl3.  After initial UV/Vis and 

PL spectroscopy measurements, the films were subjected to irradiation (λ = 315 nm, 6 

nm slits) using an Xe arc lamp photolyzer without a focusing lens.  The sample was held 

orthogonal to the beam.  At certain time intervals, the irradiation was discontinued and a 
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UV/Vis spectrum was recorded.  After a set period of time, the film was removed from 

the photolyzer and dipped in a CHCl3 solution for 30 sec to 3 minutes, after which time 

another UV/Vis spectrum was obtained.  Final UV/Vis and PL measurements were made 

after solvent dipping. 

 Previous work (see Section 4.1.2.3) suggested that in solution, cinnamoyl 

derivatives are only able to isomerize from their stable trans state to the cis state (E→Z) 

upon irradiation at the cinnamate λmax.80  Corroboration of this observation involved 

reproducing Figure 4.7 by irradiating a dendrimer (here 4.49) in a CHCl3 solution and in 

a thin film using the same conditions and setup.  These experiments showed that indeed 

there is an initial decrease in absorption at the cinnamate λmax (310 nm) for dendrimer 

4.49 in solution (Figure 4.13).  However, this decrease quickly levels off after only 3-5 

minutes, while in the thin film, larger decreases are seen over a greater length of time.  

This indeed points to their being only an E→Z isomerization event taking place in 

solution, which reaches a photostationary state rapidly.  In the thin film steady decreases 

in the 310 nm peak indicate that there is an additional event taking place, likely [2 + 2] 

photodimerization, ultimately leading to crosslinking of the material. 



 317 

 

Figure 4.13  Photolysis of 4.49 in solution (ca. 10-6 M) and a thin film (ca. 75 nm) measured by UV/Vis 
spectroscopy 

 
 

 Crosslinking experiments were performed on both 4.49 and 4.50 with anticipation 

that 4.50 crosslinking would be both more successful and quicker due to a  two-fold 

increase in cinnamate groups.  The UV spectra of 4.49 and 4.50 at specific time intervals 

and after solvent dipping are shown in Figure 4.14.  Dendrimer 4.49 was only moderately 

successful in achieving a crosslinked film.  Continuous irradiation clearly showed a 

decrease in the cinnamate peaks in the UV (30% overall decrease of 292 nm, λmax). 

However, once irradiation ceased and the material was subjected to washing in CHCl3 for 

3 minutes, a major portion of the film washed away leaving only 28% of the absorbing 

cinnamate peak.  This indicates that crosslinking is incomplete in this case.  Longer 

irradiation times provided similar results with incomplete crosslinking resulting in all 
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cases.  The decrease in cinnamate absorbance in this [G1] dendrimer is most likely due to 

both E→Z isomerization as well as [2 + 2] photodimerization.  However, the 

dimerization is not extensive enough to provide a thoroughly crosslinked and insoluble 

network. 

When the number of crosslinkable groups is increased to 8 per dendrimer as is the 

case in 4.50, crosslinking is much more effective.  After a decrease in absorbance of 40% 

of the 292 nm absorbance peak, the dendrimer film is subjected to a washing step and the 

resulting absorbance spectrum shows no change in absorbance, indicating that an 

insoluble network has been formed (Figure 4.14b).  The network remains even after 

remaining in CHCl3 solution for 18 hours.  Several trials determined that at least a 40% 

cinnamate absorbance decrease is necessary, with some material being washed away at 

lower percentage decreases.  This 40% decrease corresponds to ca. 60-90 minutes of 

irradiation depending on film thickness (thicker films require longer irradiation times).  

Ultimately, by irradiation of 4.50, an insoluble, crosslinked network has been formed that 

is resistant to solvent washing. 
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Figure 4.14  Crosslinking monitored by UV/Vis spectroscopy for (a) 4.49, and (b) 4.50 

 

 

(a) 

(b) 
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4.5.2 Photoluminescence before and after crosslinking 

One of the concerns with crosslinking chromophores for use in multi-layer 

OLEDs is that the intensity of photoluminescence be retained before and after 

crosslinking.  Several factors can decrease the amount of light emitted after crosslinking 

such as (a) prolonged irradiation of the films can cause damage or degradation of the 

emitting material, or (b) crosslinking the periphery groups of a dendrimer could affect the 

encapsulation or site-isolation properties of the dendrimers by affecting either the ability 

of the cores to aggregate or decreasing the spatial separation of the cores thereby 

decreasing the amount of site isolation afforded by the dendrons.  With respect to 

degrading the material, the absorbance of the quinacridone moiety was monitored by 

UV/Vis spectroscopy during irradiation since the absorbance in this region of the 

spectrum should remain intact if no degradation is observed (Figure 4.15).  In fact, we do 

see some decrease in the quinacridone absorbance at  490 and 515 nm (ca. 20%) which is 

due to “burning” or degrading the dendrimer with the UV irradiation.  Although at this 

point, this seems unfortunately unavoidable, experiments with different wavelengths and 

light sources might provide a means to keeping the material intact.  Our own experiments 

with wavelengths (254, 365, 315, and 310 nm) and light sources (Xe arc lamp photolyzer, 

254 nm and 365 nm pen lamps, TLC visualizing hand-held lamps at both 254 and 365 

nm) proved either ineffective at crosslinking the film, or so intense as to “burn” a hole in 

the film leaving no emissive material. 
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Figure 4.15  Absorbance spectra of the quinacridone region of 4.50 during irradiation 

 

 The effects of this degradation on the emissive properties of the material was 

evaluated by photoluminescence measurements before and after crosslinking.  

Measurements were made using a specially designed film-holder which held the film at a 

specific angle (here 30°) relative to the excitation source and detector.  Figure 4.16 shows 

the photoluminescence spectra of 4.50 both before and after crosslinking and washing in 

CHCl3.  Photoluminescence intensity decreases by 14% when comparing the intensities at 

the λmax of each spectra (551 nm before and 554 nm after), indicating that there is some 

loss of emission when the film degrades, as is expected.  When looking at the profile of 

the two spectra it appears that there is a red-shift in emission concurrent with the decrease 

in intensity.  This indicates that there may in fact be some loss of site-isolation of the 

dendrimer in terms of both aggregation and self-quenching.  When the spectra are 
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integrated, the loss of emission is ca. 20%, which corresponds with the 20% decrease in 

absorbance observed for the quinacridone peak.  It can be concluded, therefore, that PL 

loss is due both to degradation of the film as well as an increase in the amount of self-

quenching.  Although this lowers the PL efficiency of the material, the bulk of the site-

isolation properties of the material remain intact, leading to the argument that the loss in 

emission is not drastic or detrimental to the usefulness of the material in multi-layer 

OLEDs. 

 

 

Figure 4.16  Non-normalized photoluminescence of 4.50 before and after crosslinking 
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4.5.3 Patterning by standard lithography 

4.5.3.1 Fluorescence microscopy 

Due to increasing demands of the device industry to formulate materials which 

can be patterned by lithographic techniques, we aimed to produce features from our 

dendrimers in the range of 5-75 µm.  Initially, films were patterned by sandwiching 

several transmission electron microscopy (TEM) copper grids (ca. 85 µm feature sizes) 

between our thin film of 4.50 on quartz and an additional quartz cover slide.  The system 

was irradiated at 310 nm for 90 minutes using the standard set-up as described 

previously.  After irradiation, the quartz cover slide and TEM grids were removed and the 

film was washed in CHCl3.  The patterns were visualized under a fluorescence 

microscope utilizing a 535 nm (50 nm bandwidth) excitation filter and a 615 nm (50 nm 

bandwidth) emission filter typically used for fluorescein.  Black and white photographs 

of these microscopy images are shown in Figure 4.17.  Patterning of dendrimer 4.50 

provided resolved images with sharp edges clearly seen by fluorescence microscopy.  

Dark areas represent no emissive material (that which was covered by the pattern and 

subsequently washed off after crosslinking), and light areas indicate patterned dendrimer. 
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(a)      (b) 

 

Figure 4.17  Photographs of fluorescence images of 4.50 after patterning with TEM grids (ca. 85 µm) at 
using (a) 4x, and (b) 20x objectives 

 
 

 Patterns with smaller feature size were obtained by placing a Ronchi ruling (5 µm 

chrome lines on glass) over a thin film of 4.50 on quartz and irradiating.  Since the 

transparency of glass at 310 nm is so low (less than 10%), films were irradiated for 3 h.  

After washing, fluorescence microscopy images were again obtained and are shown in 

Figure 4.18.  Image (b) represents an area where damage occurred resulting in dendrimer 

desorption followed by readsorption of the material.  Remarkably, the dendrimer network 

remains intact in all areas and no break or disruption of the integrity of the material is 

observed, indicating that the crosslinked dendrimer network possesses high tensile 

strength. 
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Figure 4.18  Photographs of fluorescence images of 5 um lines visualized with a 20x objective.  The right 
image shows an area where polymer has delaminated and then re-adsorbed to the surface. 

 
 

4.5.3.2 Atomic force microscopy 

The patterned films of 4.50 made by irradiation through a Ronchi ruling mask 

were also investigated by atomic force microscopy (AFM) as well as the Ronchi ruling 

pattern for comparison.  The AFM image of the Ronchi ruling (Figure 4.19) reveals the 

spacing between any two chrome lines to be 5.2 µm.  This is the expected width of the 

patterned lines of dendrimer 4.50.  When looking at the AFM of the patterned dendrimer 

4.50 (Figure 4.20 and Figure 4.21), several interesting features are observed.  First, the 

lines of the pattern correspond well to the expected width of 5.2 µm.  Second, the height 

of the patterned dendrimers has been reduced to 17 nm, which is significantly lower than 

the pre-patterned film thickness as measured by ellipsometry (50-75 nm) indicating that 

polymerization did not proceed through the entire film and any unreacted dendrimer was 
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washed off during the post-polymerization washing step.  Finally, the patterns appear in 

rows with small (submicron) channels between the rows.  This feature was not observed 

by fluorescence microscopy due to resolution limitations of the instrument except in the 

delamination image where the delaminated and readsorbed polymer appears as two 

strands per patterned line in some areas (Figure 4.18).  However, by AFM, several rows 

appear per patterned area.  The number of rows ranges from 2 to 4 at different areas on 

the same patterned film.  These rows could be indicative of an alignment of the 

dendrimers in a column followed by polymerization down the column axis.  Further 

investigation into this area is required. 
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Horizontal distance = 5.273 µm 

Figure 4.19  AFM image of Ronchi ruling photomask. 
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Figure 4.20  AFM image of patterned dendrimer 4.50 

Horizontal distance = 5.664 µm 

Vertical distance = 17.366 µm 
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Figure 4.21  AFM image of patterned dendrimer 4.50 showing line pairs 

 

 

4.6 Conclusions 

Intermolecularly photocrosslinkable quinacridone dendrimers have been 

synthesized for their implementation into multi-layer OLEDs.  The synthesis was 
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achieved by placing photocrosslinkable cinnamate moieties at the periphery of poly(aryl 

ether) dendrons followed by coupling with quinacridone to form the crosslinkable 

dendrimers.  Irradiation of the [G2] dendrimer 4.50 at 310 nm produced insoluble films 

which retained ca. 80% of the photoluminescence observed before crosslinking.  Results 

obtained from [G1] dendrimer 4.49 were less promising and revealed that a greater 

number of cinnamate groups are necessary to achieve an insoluble network.  All 

photocrosslinking was monitored by UV/Vis spectroscopy. 

 Patterning experiments were performed by standard lithographic techniques in 

which substrates were masked, exposed to UV irradiation, and washed to reveal a pattern.  

These patterns were visualized by fluorescence microscopy with an excitation and 

emission filter typically used for fluorescein and black and white photographs were taken 

of the patterned films.  Feature sizes of 150 µm and 5 µm were produced.  These 

materials show promise as the emitting components for multi-layer OLEDs and their 

incorporation into such devices utilizing crosslinkable TPD polymers developed by 

Marder and coworkers13-17 is the next logical step. 

 

4.7 Experimental procedures 

NMR spectroscopy was performed using either a Bruker AM-250 or a Bruker 

DRX-500 spectrometer available at the University of Arizona.  Mass spectrometry (MS) 

was performed by the MS Instrument Facility at the University of Arizona.  Elemental 

analysis for C, H, and N was performed by NuMega in San Diego, CA.  Acetone, 

CH2Cl2, and DMF were dried over crushed 3Å molecular sieves.  All other needed 
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reagents were purchased from readily available suppliers and used as received.  Flash 

chromatography was performed according to the method of Still and coworkers85 with 

40-63 µm silica gel (EMD Chemicals, Inc.).  TLC was performed on precoated plates 

containing a fluorescent indicator (Silica Gel 60 F254, EMD Chemicals, Inc.). 

 Ethyl (E)-4-hydroxycinnamate (4.42).  Compound 4.4286 was prepared 

according to the literature. 

 Ethyl (E)-4-(3-chloropropoxy)cinnamate (4.43).  To a solution of 4.42 (0.546 g, 

2.84 mmol), 3-chloropropanol (330 mg, 3.59 mmol), and triphenylphosphine (PPh3) 

(0.748 g, 2.84 mmol) in THF (5 mL) on an ice bath under Ar was added 

diisopropylazodicarboxylate (DIAD) (0.580 g, 2.89 mmol) via syringe.  After stirring for 

4 h, the reaction mixture was concentrated in vacuo and recrystallized (x3) in MeOH to 

afford 4.43 (0.530 g, 73%) as colorless crystals: 1H NMR (250 MHz, CDCl3) δ 7.64 (d, J 

= 15.8 Hz, 1 H), 7.47 and 6.91 (AA’BB’ pattern, J = 8.8 Hz, 4 H), 6.31 (d, J = 16.0 Hz, 1 

H), 4.25 (q, J = 7.3 Hz, 2 H), 4.15 (t, J = 6.0 Hz, 2 H), 3.75 (t, J = 6.3 Hz, 2 H), 2.25 

(pentet, J = 6.3 Hz, 2 H), 1.33 (t, J = 7.3 Hz, 3 H); 13C NMR (63 MHz, CDCl3) 167.3, 

160.4, 144.1, 129.7, 127.4, 115.8, 114.8, 64.3, 60.3, 41.3, 32.0, 14.3. 

 (Ethylcinnamate)2[G1]-OH (4.45).  A mixture of 4.43 (50.3 g, 187 mmol), 4.44 

(13.1 g, 93.4 mmol), K2CO3 (35.8 g, 259 mmol) and DMF (100 mL) was stirred at 

ambient temperature for 20 h under Ar.  18-Crown-6 (30 mg, 0.12 mmol) was added and 

the reaction was heated to 80 °C for 56 h.  Additional K2CO3 (6.5 g, 47 mmol) and NaI 

(70 mg, 0.47 mmol) were added and the reaction was maintained at 80 °C for an 

additional 24 h, after which time the reaction was filtered, and partitioned between H2O 
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(100 mL) and CH2Cl2 (100 mL).  The layers were separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 100 mL).  The combined organic layers were washed with 

H2O (2 x 100 mL) and sat. NaCl (2 x 100 mL), dried (Mg2SO4) and concentrated in 

vacuo.  Recrystallization from acetone afforded 4.45 (27.3 g, 48%) as a colorless solid: 

1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 16.0 Hz, 2 H), 7.45 and 6.89 (AA’BB’ 

pattern, J = 8.5 Hz, 8 H), 6.52 (d, J = 2.5 Hz, 2 H), 6.39 (t, J = 2.5 Hz, 1 H), 6.30 (d, J = 

16.0 Hz, 2 H), 4.61 (d, J = 6.0 Hz, 2 H), 4.25 (q, J = 7.5 Hz, 4 H), 4.17 (t, J = 6.0 Hz, 4 

H), 4.14 (t, J = 6.0 Hz, 4 H), 2.25 (pentet, J = 6.0 Hz, 4 H), 1.63 (t, J = 6.0 Hz, 1 H), 1.33 

(t, J = 7.5 Hz, 6 H); 13C NMR (125 MHz, CDCl3) 167.3, 160.6, 160.2, 144.2, 143.4, 

129.7, 127.2, 115.8, 114.8, 105.3, 100.6, 65.3, 64.5, 64.3, 60.3, 29.2, 14.4. 

 (Ethylcinnamate)2[G1]-Cl (4.46).  A solution of 4.45 (1.05 g, 1.73 mmol), DMF 

(8 drops), and CH2Cl2 (25 mL) was allowed to stir under Ar at ambient temperature while 

thionyl chloride (260 mg, 2.20 mmol) was added via syringe.  After stirring for 1.5 h, sat. 

NaHCO3 (15 mL) was added to quench the reaction and allowed to stir for 1 h.  After 

separating, the organic layer was washed with sat. NaHCO3, H2O, and sat. NaCl (15 mL 

each), dried (Mg2SO4), and concentrated to a white solid.  Flash chromotography (19:1 

CH2Cl2/Et2O) followed by recrystallization in EtOH afforded 4.46 (0.89 g, 82%) as a 

fluffy white solid: 1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 16.0 Hz, 2 H), 7.45 and 

6.89 (AA’BB’ pattern, J = 8.5 Hz, 8 H), 6.53 (d, J = 2.0 Hz, 2 H), 6.42 (t, J = 2.0 Hz, 1 

H), 6.30 (d, J = 16.0 Hz, 2 H), 4.48 (s, 2 H), 4.25 (q, J = 7.0 Hz, 4 H), 4.17 (t, J = 6.0 Hz, 

4 H), 4.13 (t, J = 6.0 Hz, 4 H), 2.25 (pentet, J = 6.0 Hz, 4 H), 1.33 (t, J = 7.0 Hz, 6 H); 
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13C NMR (125 MHz, CDCl3) 167.3, 160.5, 160.1, 144.1, 139.5, 129.6, 127.3, 115.8, 

114.8, 107.3, 101.4, 64.4, 64.3, 60.3, 46.2, 29.1, 14.3. 

 (Ethylcinnamate)4[G2]-OH (4.47).  A mixture of 4.46 (1.4 g, 2.3 mmol), 4.44 

(154 mg, 1.10 mmol), K2CO3 (478 mg, 3.46 mmol), 18-crown-6 (50 mg, 0.19 mmol), and 

NaI (104 mg, 0.692 mmol) in acetone (50 mL) was maintained at reflux for 25 h under 

Ar, filtered, and concentrated in vacuo.  The residue was then redisolved in CH2Cl2 (50 

mL) and washed with H2O, sat. NH4Cl, H2O, and sat. NaCl (25 mL each), dried 

(Mg2SO4), and concentrated to a white foam.  Purification by column chromatography 

(9:1 CH2Cl2/Et2O) followed by recrystallization in CH2Cl2/EtOH afforded 4.47 (1.3 g, 89 

%) as a white solid: 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 16.0 Hz, 4 H), 7.43 and 

6.88 (AA’BB’ pattern, J = 9.0 Hz, 16 H), 6.59 (d, J = 2.5 Hz, 2 H), 6.56 (d, J = 2.5 Hz, 4 

H), 6.50 (t, J = 2.0 Hz, 1 H), 6.41 (t, J = 2.5 Hz, 2 H), 6.28 (d, J = 16.0 Hz, 4 H), 4.91 (s, 

4 H), 4.62 (d, J = 6.0 Hz, 2 H), 4.24 (q, J = 7.0 Hz, 8 H), 4.16 (t, J = 6.0 Hz, 8 H), 4.13 (t, 

J = 6.0 Hz, 8 H), 2.24 (pentet, J = 6.0 Hz, 8 H), 1.82 (t, J = 6.0 Hz, 1 H), 1.32 (t, J = 7.0 

Hz, 12 H); 13C NMR (125 MHz, CDCl3) 167.3, 160.5, 160.2, 160.0, 144.2, 143.5, 139.2, 

129.7, 127.2, 115.7, 114.8, 105.9, 105.6, 101.3, 100.9, 69.9, 65.2, 64.5, 64.3, 60.3, 29.2, 

14.3. 

 (Ethylcinnamate)4[G2]-Cl (4.48).  A solution of 4.47 (1.3 g, 0.97 mmol), DMF 

(5 drops), and CH2Cl2 (50 mL) was allowed to stir under Ar at ambient temperature while 

thionyl chloride (160 mg, 1.4 mmol) was added via syringe.  After stirring for 1.5 h, sat. 

NaHCO3 (30 mL) was added to quench the reaction and allowed to stir for 1 h.  After 

separating, the organic layer was washed with sat. NaHCO3, H2O, and sat. NaCl (30 mL 
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each), dried (Mg2SO4), and concentrated to a white solid.  Purification by column 

chromotography (dryload, 9:1 CH2Cl2/Et2O) afforded 4.48 (0.96 g, 74%) as a fluffy white 

solid: 1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 16.0 Hz, 4 H), 7.44 and 6.89 (AA’BB’ 

pattern, J = 8.5 Hz, 16 H), 6.60 (d, J = 2.0 Hz, 2 H), 6.56 (d, J = 2.0 Hz, 4 H), 6.53 (t, J = 

2.0 Hz, 1 H), 6.42 (t, J = 2.0 Hz, 2 H), 6.28 (d, J = 16.0 Hz, 4 H), 4.93 (s, 4 H), 4.49 (s, 2 

H), 4.24 (q, J = 7.0 Hz, 8 H), 4.16 (t, J = 6.0 Hz, 8 H), 4.14 (t, J = 6.0 Hz, 8 H), 2.24 

(pentet, J = 6.0 Hz, 8 H), 1.57 (s, 1H), 1.32 (t, J = 7.0 Hz, 12 H); 13C NMR (125 MHz, 

CDCl3) 167.3, 160.5, 160.2, 159.9, 144.2, 139.6, 139.0, 129.7, 127.3, 115.8, 114.8, 

107.6, 105.9, 102.1, 100.9, 70.0, 64.5, 60.3, 46.3, 29.2, 14.3. 

 (cinn2[G1])2 quinacridone (4.49).  Quinacridone (403 mg, 1.29 mmol) and KOH 

(472 mg, 8.40 mmol) in DMSO (20 mL) was heated under Ar to 55 °C for 1.5 h.  4.46 

(2.0 g, 2.2 mmol) in additional DMSO (10 mL) was then added and the reaction was 

maintained at 55 °C for 21 h.  Additional KOH (113 mg, 2.02 mmol) and NaI (35 mg, 

0.24 mmol) was added and the reaction was continued for another 36 h.  The reaction was 

allowed to cool to ambient temperature, diluted with CHCl3 (200 mL) and washed with 

H2O (2 x 100 mL), sat. NH4Cl (100 mL), and sat. NaCl (100 mL).  The organic fraction 

was dried (Mg2SO4), and concentrated in vacuo to ~100 mL which was precipitated into 

MeOH (700 mL).  The red solid was filtered, washed with copious MeOH and then 

purified by column chromatography (dryload, 9:1 CH2Cl2/Et2O).  Repriciptation in 

MeOH from CHCl3 afforded 4.49 (1.237 g, 65%) as a red solid: 1H NMR (500 MHz, 

CD2Cl2) δ 8.58 (s, 2 H), 8.46 (dd, J = 8.0, 2.0 Hz, 2 H), 7.67 (ddd, J = 8.5, 7.0, 1.5 Hz, 2 

H), 7.58 (d, J = 16.0 Hz, 4 H), 7.43 and 6.85 (AA’BB’ pattern, J = 8.5 Hz, 16 H), 7.40 (d, 
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J = 8.5 Hz, 2 H), 7.27 (t, J = 7.5 Hz, 2 H), 6.42 (m, 6 H), 6.27 (d, J = 16.0 Hz, 4 H), 5.66 

(br s, 4 H), 4.20 (q, J = 7.0 Hz, 8 H), 4.10 (t, J = 6.0 Hz, 8 H), 4.08 (t, J = 6.0 Hz, 8 H), 

2.17 (pentet, J = 6.0 Hz, 8 H), 1.30 (t, J = 7.0 Hz, 12 H); 13C NMR (125 MHz, CDCl3) 

178.2, 167.3, 160.8, 160.5, 144.2, 142.9, 137.8, 136.9, 134.9, 129.6, 127.8, 127.2, 126.5, 

121.4, 121.3, 115.7, 115.3, 114.8, 113.9, 104.6, 100.1, 64.5, 64.4, 60.3, 29.1, 14.4; MS 

(MALDI, dithranol) m/z 1484.77 (M+, C90H88N2O18 requires 1484.60), 1507.78 (M + 

Na+, C90H88N2O18Na requires 1507.59); Anal Calcd for C90H88N2O18:  C, 72.76; H, 5.97; 

N, 1.89.  Found:  C, 72.38; H, 5.81; N, 2.11. 

 (cinn4[G2])2 quinacridone (4.50).  Quinacridone (46 mg, 0.15 mmol) and 

powdered KOH (41 mg, 0.73 mmol) in DMSO (8 mL) was heated under Ar to 55 °C for 

5 h.  4.48 (0.505 g, 0.379 mmol) was then added and the reaction was maintained at 55 

°C for 65 h.  The reaction was allowed to cool to ambient temperature, diluted with 

CHCl3 (200 mL) and washed with H2O (2 x 100 mL), sat. NH4Cl (100 mL), and sat. 

NaCl (100 mL).  The organic fraction was dried (Mg2SO4), and concentrated in vacuo to 

~30 mL and precipitated into MeOH (200 mL).  Purification of the residue by column 

chromatography (dryload, 1:1 Hex/EtOAc to remove impurities then switched to 4:1 

CH2Cl2/Et2O to remove product) followed by precipitation from CH2Cl2/Hex (1:1) into 

MeOH afforded 4.50 (64 mg, 15%) as a red solid: 1H NMR (500 MHz, CD2Cl2) δ 8.50 (s, 

2 H), 8.44 (dd, J = 8.0, 1.5 Hz, 2 H), 7.62 (ddd, J = 8.3, 7.3, 2.0 Hz, 2 H), 7.58 (d, J = 

16.0 Hz, 8 H), 7.44 and 6.87 (AA’BB’ pattern, J = 9.0 Hz, 32 H), 7.34 (d, J = 8.5 Hz, 2 

H), 7.23 (t, J = 7.5 Hz, 2 H), 6.53 (t, J = 2.0 Hz, 2 H), 6.47 (d, J = 1.5 Hz, 4 H), 6.43 (d, J 

= 2.0 Hz, 8 H), 6.31 (t, J = 2.0 Hz, 4 H), 6.27 (d, J = 16.0 Hz, 8 H), 5.64 (br s, 4 H), 4.86 
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(s, 8 H), 4.19 (q, J = 7.0 Hz, 16 H), 4.10 (t, J = 6.0 Hz, 16 H), 4.01 (t, J = 6.0 Hz, 16 H), 

2.16 (pentet, J = 6.0 Hz, 16 H), 1.30 (t, J = 7.0 Hz, 24 H); 13C NMR (125 MHz, CDCl3) 

178.0, 167.2, 160.6, 160.5, 160.1, 144.1, 142.9, 138.9, 137.8, 136.8, 134.7, 129.6, 127.7, 

127.2, 126.4, 121.4, 121.2, 115.7, 115.2, 114.8, 113.8, 105.7, 105.0, 100.9, 70.1, 64.5, 

64.3, 60.3, 29.1, 14.4; MS (MALDI, dithranol) m/z 2901.93 (M+, C174H176N2O38 requires 

2902.19). Anal Calcd for C174H176N2O38:  C, 71.98; H, 6.11; N, 0.96.  Found:  C, 71.59; 

H, 6.24; N, 1.27. 
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5. Conclusions and future work 

 

The objectives of this research have focused on the incorporation of a photoactive 

chromophore, quinacridone, into the interior of dendrimers for three major purposes: (a) 

molecular separation of quinacridone from itself to prevent such detrimental processes 

such as aggregation and self-quenching so as to enhance luminescence in OLEDs, (b) to 

affect intramolecular energy transfer or “down-conversion” from high-energy 

chromophores on the periphery of the dendrimer to lower-energy quinacridone at the 

core, and (c) to create patternable intermolecularly photocrosslinkable luminescent 

denderimers for incorporation into solution-processible multi-layer OLEDs.  These 

objectives will be summarized separately in the remainder of this chapter. 

 

5.1 Site-isolation of quinacridone 

5.1.1 Conclusions 

Quinacridone was fuctionalized at the N, and N’ positions to include benzyl (aryl 

ether) dendrons containing either benzyl- or 3,5-di-t-butyl benzyl-terminated groups.  The 

t-butyl terminated dendrimers were found to be soluble in a wider range of organic 

solvents and were therefore used for extensive photophysical characterization.  

Ultraviolet/visible (UV/Vis) and photoluminescence (PL) spectroscopy in dilute 

chloroform solutions provided quantitative quantum yields indicating effective site-

isolation of the quinacridone cores.  No evidence of aggregation of chromophores in 

solution was found according to linear Beer’s Law plots.  Thin films of the dendrimers 
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were formed by spin-casting from chloroform solutions.  Unlike in solution, aggregation 

was observed for the lower generations ([G0] and [G1]).  However, the higher 

generations, ([G2] and [G3]) exhibited solution-like spectral profiles consistent with non-

aggregation.  Photoluminescence efficiency, as measured by comparison to DIQA, 

increased to nearly 7 times that of DIQA with increasing molecular weight, pointing 

towards enhanced site-isolation by the bulky t-butyl dendrons as generation increases.  

This could be visualized by the 365 nm illumination of all the powders of the dendrimers.  

As generation increased, a blue-shift in luminescence was accompanied by an increase in 

brightness. 

5.1.2 Future work 

5.1.2.1 White-light dendrimeric devices 

The success of the site-isolation of quinacridone within a dendritic matrix 

encourages the incorporation of other photoactive groups into the interior cavity of 

dendrimers.  For example, to make white-light devices for solid-state (room) lighting, 

several colors of light must be emitted simultaneously without “down-conversion” to the 

lowest energy emitter.  For this to occur, the dyes which emit different colors must be 

effectively site-isolated from one-another.  This can be easily achieved by incorporation 

of the different dyes into high-generation dendrimers.  In this way, solution processible 

site-isolated white-light dendrimeric devices are conceivable. 

5.1.2.2 Phosphorescent site-isolated dendrimers 

 One of the problems facing OLEDs currently is the ability to harvest only a 

fraction of the created excited states for fluorescence-based devices.  Spin-statistics 
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demands that only 25% of the created excited states be singlets, with the other 75% 

created as triplets, incapable of fluorescence.  The use of phosphorescent emitters would 

ensure that all excited states are theoretically capable of contributing to the overall light 

emission of the device.  Although preliminary work has focused on the incorporation of 

phosphorescent materials into polymers and dendrimers, the devices are often white-light 

emitting due to aggregation.  True color devices are possible if the phosphorescent groups 

can be site-isolated into the core of a dendrimer, preventing aggregation and hence white-

light emission.  Specific requirements for the dendrimer matrix have hindered progress in 

this field since the dendron must not quench the triplet of the phosphorescent group. 

 

5.2 Energy-transfer dendrimers and their polymeric analogs 

5.2.1 Conclusions 

5.2.1.1 Energy-transfer dendrimers 

The incorporation of two different types of chromophores into a single dendrimer 

design allows for several advantages over isolation of a single chromophore at the core of 

a dendrimer.  These include energy transfer or “down-conversion” from high-energy to 

low-energy emitters, and an antennae effect, which occurs when the numerous high-

energy absorbers are excited versus direct excitation of the low-energy core.  This two-

chromophore design was achieved by utilizing oPPV groups on the periphery of benzyl 

(aryl ether) dendrimers with quinacridone cores.  The higher energy oPPV groups were 

synthesized bearing either 2-ethylhexyl or dodecyl groups at the exterior for solubility 

purposes.  [G0] and [G1] dendrimers containing 2 or 4 oPPV groups, respectively, were 
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synthesized and compared in dilute solutions as well as in thin films for their energy 

transfer and antennae effect properties.  Solutions of all energy transfer dendrimers 

exhibited non-aggregation behavior in dilute chloroform solutions, similar to what was 

observed for the site-isolated quinacridone dendrimers.  Aggregation did exist in the solid 

state, as expected, with differences observed between 2-ethylhexyl and dodecyl systems.  

The longer carbon chains prevented association of the dendrimers resulting in decreased 

aggregation behavior in the solid state. 

 Energy transfer in solution was nearly quantitative for the 2-ethylhexyl 

dendrimers with lower values observed for the dodecyl dendrimers.  However, in the 

solid state, energy transfer efficiencies for all dendrimers was greater than 97%, due to an 

increased amount of spectral overlap between the oPPV emission (red-shifted) and the 

quinacridone absorbance (blue-shifted).  Energy transfer efficiencies were measured by 

comparing the emission of the oPPV groups in the dendrimers with emission of model 

oPPV groups without the presence of quinacridone. 

 Expected antennae effect ratios were calculated by taking the product of the 

quantum yield of energy transfer with the ratio of molar absorptivities of the oPPV and 

quinacridone.  These calculated values were compared with the observed values found by 

the ratio of emission when exciting at 360 nm relative to 480 nm.  Agreement between 

calculated and observed values was superior in the 2-ethylhexyl dendrimers to the 

dodecyl dendrimers in chloroform solutions.  However, in the solid state, the [G1] 

dendrimers agreement was enhanced over the [G0] dendrimers. 
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5.2.1.2 Polymer/dendrimer mixtures 

Side-chain oPPV polymers with a methyl methacrylate backbone were 

synthesized by ATRP conditions.  By mixing this polymer with site-isolated quinacridone 

dendrimers, insight into the architectural requirements for efficient energy transfer was 

desired.  oPPV polymer and dendrimers were mixed so that the ratio of chromophores 

was similar to a [G0] energy transfer dendrimer.  These mixtures were analyzed both in 

dilute chloroform solution as well as the solid state.  In solution, energy transfer between 

the oPPVs in the polymer and the quinacridone dendrimers was poor and decreased with 

increasing dendrimer generation.  The low energy transfer efficiencies were a result of 

low chromophore local concentration leading to a low probability of an oPPV being 

within the Förster radius of a quinacridone.  This probability decreased with increasing 

generation as the oPPV group became further removed from the quinacridone.  In the 

solid state, energy transfer efficiency again decreased with increasing dendrimer 

generation, although to a lesser extent than what was observed in solution.  Chromophore 

concentration, while still low due to the small number of oPPV units in the polymer, was 

increased in the solid state leading to higher energy transfer efficiencies.  Ultimately, the 

project revealed little about the structural requirements of energy transfer as the number 

of oPPV groups were isolated in a matrix of methyl methacrylate. 

5.2.2 Future work 

One of the goals of the energy transfer dendrimers was to exploit the charge 

trapping/transport properties of the different chromophores in the hope that each would 

act as a charge transport material to avoid the need for multiple layers in OLEDs.  



 342 

However, electrochemistry experiments revealed that the redox potentials for the oPPVs 

and quinacridones differed only slightly.  Ultimately, chromophores would be chosen not 

only for their differing charge transport capabilities but also for their large spectral 

overlap, which is necessary for efficient Förster energy transfer.  Careful screening of 

chromophores would be necessary to accommodate both requirements. 

To determine if energy transfer efficiencies are dependent on dendrimer 

architecture, the polymer system should be modified to include more oPPV groups.  This 

can be done by polymerization of the oPPV monomer without methyl methacrylate as a 

comonomer, or by increasing the feed ratio of oPPV monomer to methyl methacrylate 

monomer.  Additionally, experiments combining simply the oPPV group with DIQA in 

solution and in thin films should provide some insight into whether covalently linking 

these two chromophores is necessary for efficient energy transfer.  Problems might arise 

with crystallization of the oPPV and DIQA in the thin film. 

 

5.3 Intramolecularly crosslinked quinacridone dendrimers 

5.3.1 Conclusions 

Requirements for solution processible multi-layer OLEDs include the ability to 

render a layer insoluble before depositing the subsequent layer.  To do this, a curing 

procedure is needed.  Dendrimers incorporating quinacridone cores and dendrons with 

photocrosslinking groups on the periphery were synthesized and polymerized using 310 

nm light from a xenon arc lamp.  After polymerization, rinsing with chloroform did not 

remove the material, indicating that effective crosslinking had occurred.  Additionally, 
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the non-aggregating behavior of the quinacridone was retained as evident by emission 

spectra.  Increases in photoluminescence efficiency were also observed for the [G1] and 

[G2] dendrimers to nearly the same amount as the t-butyl [G3] dendrimer.  Standard 

photolithography was performed on thin films of the crosslinkable dendrimers using a 

mask pressed against the film.  Features as small as 5 microns were observed by 

fluorescence microscopy.  Upon further examination by atomic force microscopy, the 

films revealed smaller (2 micron) channels of crosslinked dendrimer within the pattern.  

Ultimately, these crosslinkable dendrimers will be incorporated into OLEDs with a 

crosslinkable tetraphenylenediamine (TPD) layer as the hole-transport material. 

5.3.2 Future work 

The development of photocrosslinkable dendrons allows for their attachment to 

several different types of functional groups.  In keeping with the photoactive theme, 

crosslinkable dendrons could be attached to aluminum tris(8-hydroxyquinoline), Alq3, at 

the carbon para to the hydroxy group to create multi-layer devices in which all solution-

processible components are patternable as well as insoluble.  Additionally, the 

immobilization of Alq3 by crosslinking could alter the aggregation properties of any 

dopants used. 

 Another use for crosslinkable dendrons that has already been undertaken in the 

McGrath group is the incorporation of these dendrimers onto a fluorescent 

poly(phenyleneethynylene), PPE.  The fluorescence of the PPE can be quenched by 

removal of a silyl protecting group, and then reactivated by addition of acid.  Therefore, 
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if both the pH sensitive groups and crosslinkable dendrons are incorporated onto the PPE 

backbone, stabilized, insoluble, pH sensors can be patterned onto a solid substrate. 

 Finally, it is noted that as the utility of the dendrons becomes more widespread, it 

would be useful to have readily available dendrons with versatile focal points for 

attachment to a variety of other functional groups.  Azides or isothiocyanates (which are 

made from azides) allow for attachment via “click” chemistry for the azides or to amines 

such as peptides for isothiocyanates.  Stockpiling these photocrosslinkable dendrons with 

useful focal points is underway in the McGrath laboratory. 
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