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Modulating Structure and Properties in Organic 

Chromophores: Influence of Azulene as a 

Building Block  

Masahito Murai,a,d Sung-Yu Ku,a Neil D. Treat,a,b Maxwell J. Robb,a,c Michael L. 
Chabinyc,a,b and Craig J. Hawker*a,b,c 

The properties of isomeric azulene derivatives, substituted through the 5 -membered ring, were 

examined using a combination of experimentation and theoretical calculations for a series of well-

defined electroactive oligomers. The substitution pattern was shown to dramatically influence solid -

state, electronic, and optical properties of the oligomers with acid-responsive materials only being 

observed when the azulenium cation could be directly stabilized by substituents on the 5-membered 

ring. In addition, the absorption maxima and optical band-gaps of the azulenium cations can be tuned 

by the substitution position of the azulene ring by the chromophore. 

Introduction 

 New design strategies for functional organic chromophores 

are of great interest for the continued development of 

optoelectronic devices such as organic field-effect transistors 

(OFETs), organic light-emitting diodes (OLEDs), and dye-

sensitized organic solar cells (DSSCs).1 Significant attention in 

this area has focused on exploiting a diverse range of modular 

building blocks to fine-tune electronic and solid state structures 

with the ultimate goal of optimizing performance and nanoscale 

morphologies. The most efficient and general strategy 

developed to date includes the incorporation of heteroatoms, 

introduction of electron-donating and/or electron-withdrawing 

substituents into the parent -conjugated framework, and/or 

extension of their -systems by annulation with aromatic 

compounds leading to PAHs (polycyclic aromatic 

hydrocarbons).2 These methods have proved successful; 

however, chemical instability, especially against oxidation and 

poor solubility derived from expanded planar -conjugated 

systems often limits their scope for further applications.3 To 

compensate for these drawbacks, we now introduce a new 

approach using a pure hydrocarbon building block, azulene, to 

create novel -conjugated frameworks with control over the 

optical properties as well as nanoscale morphology in the solid 

state.  

 The choice of azulene as a key building block was driven by 

its unique aromatic structure consisting of fused seven- and 

five-membered rings with partial positive and negative charges, 

respectively. Unlike its constitutional isomer naphthalene, 

azulene exhibits a bright blue color due to its decreased 

aromatic resonance energy combined with its strong dipole 

moment.4 Furthermore, its low ionization energy and high 

electron affinity allows for the tuning of physical and electronic 

properties in a similar fashion to fullerenes.5 Interesting 

structural variations include azulene-fused porphyrins and 

azulenocyanines, which exhibit red-shifted visible absorption 

derived from their significantly extended -conjugation.6 

Although these examples highlight the attractive properties of 

azulene and its ability to create novel -conjugated systems, the 

effect of the polarized character of azulene to enhance and 

control materials properties has not been fully investigated and 

may offer advantages compared to traditional repeat units.7 

 Recently, we described the synthesis and characterization of 

various isomeric azulene derivatives substituted in either the 5- 

or 7-membered ring and observed significantly different 

properties when substituted in the seven-membered ring leading 

to stabilization of the corresponding azulenium cations and 

reversible color changes/fluorescent switching.8 This ability to 

obtain stimuli-responsiveness properties in -conjugated 

systems based on azulenes is reminiscent of the behavior of 

polyanilines; however, in the case of polyaniline, protonation 

occurs at the nitrogen atoms, whereas protonation of azulene 

systems occurs in the conjugated aromatic backbone resulting 

in a more pronounced effect on the resulting -conjugated 

systems. 

 Based on these preliminary studies, we envisioned that the 

optoelectronic and solid state morphological properties of 

azulene-based π-conjugated systems can be further controlled 

by: 1) enhancement of the polarized structure through 

conjugation with a strong electron-acceptor to the electron-rich 
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five-membered ring of azulene. It should be noted that this 

approach is not available to more traditional hydrocarbon 

building blocks such as phenyl or naphthalene derivatives; 2) 

post-synthetic modification by external stimuli utilizing acid-

base and redox reactions.9 From a device application 

standpoint, the tunable polarized structure of azulene can also 

be expected to have several advantages with respect to 

controlling molecular ordering which is critical for efficient 

charge transport. Herein, we demonstrate that these approaches 

make it possible to fine tune the electronic structure, physical 

properties, and nanoscale morphology of -conjugated 

materials by utilizing the enhanced dipole nature of azulene. 

Azulene-diketopyrrolopyrrole conjugates (AzDPPs) connected 

through furyl linkers were chosen as target molecules as DPPs 

are widely studied dyes that have been used as acceptor 

components in materials for bulk heterojunction solar cells and 

DSSCs10 while the furan units impart high solubility and leads 

to high fluorescence quantum yields.11 

Results and Discussion 

The optical and electronic properties of azulene can be tuned in 

a facile manner by the introduction of various substituents with 

the majority of previous reports focusing on functionalization at 

the 1- or 3-positions. In contrast, functionalization at the 2-

position of azulene has been limited12 due to the tendency of 

the five-membered ring of azulene to undergo electrophilic 

substitution exclusively at the 1- or 3-positions because of its 

unique polarized -electron system.13 Traditionally, the 

introduction of substituents at the 2-position requires multistep 

syntheses involving construction of the azulene skeleton.14 

Alternatively, functionalization based on nucleophilic 

halogenation is challenging due to the inherent instability of 

halogenated azulenes.15 With this in mind, we focused on the 

iridium-catalyzed, direct C-H borylation of azulene.16,17 

Significantly, this provides the synthetically useful 2-boryl (as 

well as the 1-boryl as a side product) derivative from 

commercially available azulene in a single step (72% yield for 

2- and 7% yield for 1-borylazulene, respectively) (Figure 1).  

From the purified 1- and 2-borylazulene derivatives, two 

regioisomers 1-AzDPP, 1, and 2-AzDPP, 2, were successfully 

obtained by microwave-assisted Suzuki-Miyaura coupling with 

the dibromo-substituted 3,6-bis(5-bromofuran-2-yl)pyrrolo[3,4-

c]pyrrole-1,4-dione (DPP), 3, in good yields (Figure 1 and 

Scheme S1 in ESI). To gain fundamental insight into the 

electronic interaction between azulene and substituent groups, 

model compounds such as the isomeric naphthalene-DPP 

conjugate NpDPP, 5, and corresponding phenylazulene 

derivatives 2-AzPh, 6, and 1-AzPh, 7, were also synthesized 

(Scheme S2 in ESI). All of the new compounds were fully 

characterized by 1H NMR, 13C NMR, IR, and HRMS and found

 
Figure 1. Synthesis of DPP-Azulene conjugates 1 and 2 (R = 2-ethylhexyl), and the structures of model compounds. 
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Figure 2. UV-Vis absorption spectra of 1, 2, 4 and 5 in CH2Cl2 (1×10-6 M) at rt. 

to be fully soluble (at least greater than 10 mg/mL) in common 

organic solvents such as CH2Cl2, CHCl3, THF, and toluene at 

room temperature. 

 The UV-visible absorption spectra of 1-AzDPP, 1, 2-

AzDPP, 2, and NpDPP, 5, in CH2Cl2 were compared with the 

parent DPP derivative, 4, to evaluate the efficiency of 

conjugation through the backbone (Figure 2 and Table S1 in 

ESI). In all cases, 1-AzDPP, 2-AzDPP, and NpDPP exhibit red-

shifted absorption in the visible region with respect to 4, 

indicating a reduced HOMO-LUMO gap due to the increased 

-electron delocalization. It is noteworthy that azulene 

derivatives, 1 and 2, display a significant absorption between 

550 and 700 nm which is particularly desirable for solar cell 

and NIR dyes applications.1 Interestingly, the absorption 

maximum for 1-AzDPP was blue shifted approximately 40 nm 

and displayed a single, broad peak when compared with the 2-

AzDPP regioisomer.18 This observation suggests an effective 

decrease of the energy gap resulting from substitution through 

the 2-position rather than the 1-position of the azulene ring with 

the low energy transition of 2-AzDPP exhibiting discreet 

vibronic structure. Similar modulation in the absorption 

properties was also observed for model compounds 2-AzPh, 6, 

 

Figure 3. UV-Vis absorption spectra of 6, 7 and the parent azulene in CH2Cl2 (1×

10
-6

 M) at rt. 

 
Figure 4. Absorption (dashed line) and fluorescence spectra (solid line) for DPP 4 

and NpDPP 5 in CH2Cl2 at rt. 

and 1-AzPh, 7 (Figure 3). The lowest energy absorption 

maximum peak for 2-AzPh (390 nm) is characteristic of the -

* transition of the azulene rings, which is red-shifted by 20 nm 

compared with that of the regioisomer 1-AzPh (370 nm), again 

indicating more effective conjugation through the 2-position of 

azulene ring. 

 The introduction of azulenyl and naphthyl groups into DPP 

also induces unique fluorescence behavior. The fluorescence 

spectrum of NpDPP exhibits a maximum fluorescence band at 

621 nm with a shoulder at approximately 677 nm upon 

excitation at 562 nm (Figure 4).19 In contrast, no fluorescence 

emission was observed for 1-AzDPP and 2-AzDPP when 

excited at ~600 nm.20 The origin of the lack of emission is 

unclear at this point.  A possible explanation is the formation of 

a non-emissive intramolecular charge-transfer state of other 

electronic state formed by a twist of the DPP unit relative to the 

azulene unit.19 If the dominant contribution to the electronic 

state was made by the azulene unit, one might expect a very 

weak emission based on the poor quantum yield typical of 

azulene derivatives.22,23 

 To elucidate the influence of the substitution pattern of the 

azulene ring on the electronic structure and photophysical 

properties of the above DPP derivatives, truncated structures, 

1’, 2’, and 5’ were optimized by density function theory (DFT) 

calculation at the B3LYP/6-31G* level of theory as model 

compounds for 1-AzDPP, 1, 2-AzDPP, 2, and NpDPP, 5. In 

each case, the 2-ethylhexyl groups on the nitrogen were 

replaced by a methyl group to simplify the calculations. As 

displayed in Figure 4, the LUMO is delocalized over the entire 

2-AzDPP framework for 2’, whereas the corresponding LUMO 

for NpDPP is mainly localized on the central DPP moiety and 

the furyl bridge for 5’. The calculated first excited state for 2-

AzDPP, mainly consisting of a HOMO to LUMO transition, 

has an excitation energy of 1.83 eV (Table S3 in ESI) and 

replacement of azulene with a naphthalene substituent leads to 

an increase in the LUMO energy level by 0.22 eV (-2.70 eV for 

2-AzDPP vs -2.48 eV for NpDPP), whereas the HOMO level 

remains nearly unchanged (Figure 5). As a result, the calculated 

first excited energy of NpDPP is increased to 2.09 eV and leads 
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Figure 5. Optimized structure and contour plots of HOMO and LUMO of 1', 2' and 5'. 

to a blue-shifted absorption (Table S4 in ESI). The red-shift of 

the absorption in 2-AzDPP compared to that of 1-AzDPP can 

be explained through stabilization of the LUMO of the azulene 

skeleton by the electron-withdrawing ability of the DPP unit 

with a large distribution at the 2-position of the azulene 

building block in the LUMO.24 This result is in sharp contrast 

to traditional observations for -systems extended by 

annulation with aromatics leading to PAHs (polycyclic 

aromatic hydrocarbons), in which destabilization of the HOMO 

is the primary reason for decreased bandgaps.2 The lowest 

energy conformation of 1-AzDPP, in which the DPP-furan unit 

is connected at the 1-position of the azulene ring, has a dihedral 

angle of about 22.4o between the furan and the azulene units, 

whereas its isomer 2-AzDPP is essentially planar with a 

corresponding dihedral angle of less than 2o. These different 

geometries also influence the electron delocalization and 

partially disturb conjugation in 1-AzDPP. The HOMO-LUMO 

energy gap of 2-AzDPP is smaller than that of 1-AzDPP and 

NpDPP, which is in good agreement with UV-vis experiments 

shown in Figure 2. 

 Azulenes are known to have unique photophysical 

properties that are sensitive to acid/base chemistry, which 

stimulated an examination of the UV-visible absorption 

behavior of 1-AzDPP and 2-AzDPP upon exposure to 

trifluoroacetic acid (TFA).4-6 Interestingly, for both isomers 

dramatically different changes in the absorption spectra were 

observed in CH2Cl2 at room temperature with a minor change 

in the absorption maximum for 1-AzDPP (ca. 25 nm) compared 

to a very large shift for 2-AzDPP (ca. 200 nm) (Figure 6). 25 As 

a control, the parent DPP-furan, 4, and NpDPP were subjected 

to the same acid treatment and neither exhibited any change in 

absorption even in the case of adding a large excess of TFA. 

This observation indicates that protonation occurs exclusively 

on the azulene moiety affording the 6-electron tropylium 

cation, and not on the nitrogen or oxygen atoms of the DPP 

unit. Additionally, no EPR signal was observed for both 1-

AzDPP and 2-AzDPP in TFA at room temperature. The 

spectral changes in the visible region can therefore be attributed 

to the formation of the corresponding azulenium cations and 

not cation radicals. These results are in sharp contrast to 

previous reports of azulenes having substituents on the five-

membered ring, where the protonation has been reported to 

generate azulenium cation radicals.26 This unique behavior can 

be understood for 1 and 2 due to conjugation with the strongly 

electron-accepting DPP unit which decreases electron density 

of the five-membered rings preventing the oxidation of cations 

to form corresponding cation radicals.27 

 Examining the protonation behavior of 1-AzDPP, 1, and 2-

AzDPP, 2, in more detail revealed a two-step change in the 

UV-visible absorption spectra during the course of titration 

experiments with TFA. For 2-AzDPP, 2, addition of TFA 

initially results in a new absorption peak at 833 nm which is 

gradually blue-shifted to 797 nm and increases in intensity with 

a well-defined isosbestic point at 695 nm when excess TFA is 

added (Figure 6, left). In direct contrast, attenuation of the 

absorption at 646 nm for the regioisomer 1-AzDPP, 1, was 

observed with a simultaneous appearance of new peaks at 587 

and 629 nm on the addition of TFA (Figure 6, right). These 

changes in the UV-visible absorption spectra are reflected in a 

color change of the solutions from blue to green (for 2-AzDPP) 

and light blue to dark blue (for 1-AzDPP). Step-wise 

protonation of the two azulene units in 1 and 2 could also be 

monitored by 1H NMR spectroscopy with downfield shifts of 

the aromatic protons being observed upon the addition of TFA 

to 1-AzDPP and 2-AzDPP (4×10-3 M in CDCl3) (Figure S1 

and S2 in ESI). Notably, neutralization of the TFA solutions of 

1-AzDPP and 2-AzDPP with triethylamine resulted in the 

reproduction of the initial UV-visible spectra in the neutral 

states, indicating that protonation is completely reversible 

which was also confirmed by 1H NMR spectroscopy (See 
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Figure 6. UV-vis spectra change in CH2Cl2 of 2-AzDPP 2 (left) and 1-AzDPP 1 (right) for neutral state (blue line) and after protonation by TFA (red line). Inset: 

photographs in the neutral state (left) and upon the addition of TFA (right).  

Figure S1-S4 in ESI). As expected, the model compounds 2-

AzPh, 6, and 1-AzPh, 7, with phenyl substituents afforded only 

a single protonation step even in the presence of excess TFA 

with the spectral changes for the isomer substituted in the 2-

position, 6, again being significantly greater than for 1-AzPh, 7 

(See Figure S5 in ESI).  

 To gain insight into the changes in the UV-visible 

absorption spectra, DFT calculations on the protonated species 

1-AzDPP, 1, and 2-AzDPP, 2, were performed. These 

calculations are for gas phase molecules and provide qualitative 

guidance of the excited state properties of these charged 

species.  As shown in Figure 7, protonation of one azulene ring 

to generate the monocation [2-AzDPP]+ significantly lowers 

both the HOMO and LUMO energy levels to -7.05 and -5.73 

eV, respectively (c.f. -4.62 and -2.70 eV for the neutral 2-

AzDPP). In particular, the energy level of the LUMO, which is 

exclusively located on DPP and the protonated azulene ring, is 

more strongly affected and results in a decrease in the energy 

gap from 1.92 eV (for 2-AzDPP (neutral)) to 1.32 eV. 

Interestingly, the second protonation leading to formation of the 

dication [2-AzDPP]2+ affords a slight increase in the energy gap 

to 1.39 eV (HOMO -8.90, LUMO -7.85 eV), which is in good 

agreement with the UV-visible absorption change in Figure 8 

and the generation of mono- and dications. The localization of 

frontier orbitals indicates that protonation enhances the 

acceptor character of the azulene units, as the LUMO is now 

largely located on the protonated azulene rings, while the 

HOMO has less contribution from this unit compared to the 

neutral state. Time-dependent density function theory TDDFT 

calculations indicate that the longest wavelength absorption 

bands of [2-AzDPP]+ (855 nm, oscillator strength 1.42) and [2-

AzDPP]2+ (820 nm, oscillator strength 1.54) correspond to the 

lowest singlet-singlet excitation S0S1, which consists of 

HOMO to LUMO transitions, respectively (Table S5-S6 in 

ESI). The impact of the substitution pattern is also reflected in 

the lowest transition energies estimated for the protonated 

species 1-AzDPP by TDDFT calculation: 1.80 eV (689 nm) 

with contributions of HOMO to LUMO+2 for the monocation 

 
Figure 7. Optimized structure and contour plots of HOMO and LUMO of 2’+ and 2’2+.  
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Figure 8. Transmission cross-polarized (left panel) and non-polarized (right panel) optical microscopy of thin films of NpDPP 5 (left), 1-AzDPP 1 (middle), and 2-AzDPP 

2 (right) as cast (top) and annealed at 150 °C for 10 min (bottom).   

 [1-AzDPP]+ and 2.16 eV (574 nm) with HOMO to LUMO+4 

for the dication [1-AzDPP]2+ (Table S7-S8 in ESI). It is worth 

mentioning that the HOMO-LUMO transition is no longer 

observed for either [1-AzDPP]+ and [1-AzDPP]2+, which 

implies that the observed lowest transition energy cannot be 

treated as a simple HOMO-LUMO transition in contrast to the 

2-AzDPP system. 

 Interestingly, both azulene-DPP isomers are crystalline in 

solution-cast thin films which allows molecular ordering to be 

examined using a combination of cross-polarized and non-

polarized transmission optical microscopy and high-resolution 

specular x-ray diffraction. For these experiments, thin films 

were prepared by spin coating from chlorobenzene to give 

continuous films (~ 100 nm in thickness). The as-cast NpDPP 

films had little crystalline order (indicated by the lack of 

birefringence in polarized optical microscopy), which improved 

substantially on thermal annealing (Figure 8). This 

interpretation is also supported by high resolution specular x- 

ray diffractograms that reveal two broad, out-of-plane peaks 

centered at 0.33 and 0.58 Å-1 for the as-cast films and multiple 

strong peaks after annealing (Figure 9). Replacement of the 

naphthalene unit with an azulene moiety connected through the 

2-position, 2-AzDPP 2, and results in crystalline films both as- 

cast and after annealing. The shifts in the peak positions from

 
Figure 9. High-resolution specular x-ray diffraction of thin films (a) as cast and (b) after annealing at 150 °C for 10 min. 
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the as-cast to annealed state indicate that the as-cast and 

annealed films have either differing polymorphic structures or 

that the texture of the crystallites changes upon annealing. The 

isomer, 1-AzDPP 1, was observed to have the largest 

birefringent domain size and the largest crystallite correlation 

length. Specifically, from the peak centered at 0.58 Å-1 for 1-

AzDPP 1 and 0.47 Å-1 for 2-AzDPP 2, we find the crystallite 

correlation length after annealing to be 26 nm and 9 nm, 

respectively. Interestingly, thin film absorption spectra also 

indicate increased ordering in the solid state with the lowest 

energy peak maxima red-shifted by 105 nm for 1 and 53 nm for 

2 compared to absorption measurements in solution (Figure S6 

in ESI). While the exact mechanism for this difference in 

molecular ordering with isomer structure is not clear at the 

present, it is plausible that the partial dipole moments of the 

azulene units may promote self-assembly and  stacking, 

improving the crystalline order of the thin films. 

Conclusions 

 In summary, three isomeric DPP conjugates bearing azulene 

or naphthalene substituents have been designed and synthesized 

employing the direct C-H activation of azulene in concert with 

palladium-catalyzed Suzuki-Miyaura cross-coupling reactions. 

The band gap of these DPP conjugates could be tuned by the 

choice of azulene or naphthalene units and their substitution 

pattern. Theoretical calculations provided strong support for the 

observed structure/property relationships which showed that 

when the DPP unit is conjugated through the 2-position of the 

azulene ring, a stabilized LUMO energy level and consequently 

a narrower energy gap is obtained when compared with the 

other isomers. This is in sharp contrast to that observed for -

systems extended by annulation with traditional aromatic units 

where destabilization of HOMO is a major reason for decreased 

band-gaps. Furthermore, the introduction of the azulene units 

provide a partial dipole moment to the -conjugated system, 

which influences planarity, molecular self-assembly and 

crystallization during thin-film formation. These results 

demonstrate the potential of azulenes substituted through the 2-

position as a building block for the rational design of visible 

light absorbing conjugated materials with ordered morphologies 

and stimuli-responsiveness. 
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