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Abstract 

Four electron deficient small molecules based on the diketopyrrolopyrrole (DPP) chromophore 

were synthesized using microwave-assisted direct arylation reactivity. These molecules are based 

upon an acceptor-donor-acceptor-donor-acceptor (A1-D-A2-D-A1) framework, where DPP is 

utilized as the central acceptor (A2) unit. We compared the effect of naphthalimide vs. phthalimide 

terminal acceptors (A1), and different DPP (A2) alkyl groups, on the optical, thermal, 

electrochemical and electronic properties. A combination of absorption and emission 

spectroscopy, differential scanning calorimetry, thermal gravimetric analysis, cyclic voltammetry, 

ultraviolet photoelectron spectroscopy, charge carrier mobility, and DFT calculations were used 

to characterize the four materials. All compounds were found to have narrow band-gaps, deep 

HOMO/LUMO levels, and were able to effectively act as electron transport materials.  

1. Introduction  

The field of organic electronics has seen tremendous growth over the past 25 years.1,2 Important 

technologies include light emitting diodes (LED),3,4 field effect transistors (FET),5,6 and 
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photovoltaics (PV).7,8, Critical to the advancement of such technologies is the development of new 

-conjugated organic materials with tailored properties for specific applications,9 and thus the role 

of the synthetic chemist cannot be overstated. One of the major advantages of organic vs. inorganic 

semiconductors is the breadth of organic building blocks readily available that can be pieced 

together and systematically tuned to realize desired properties.10 Over the past several years, the 

industrial pigment, diketopyrrolopyrrole (DPP),11  has emerged as one of the most widely used 

organic building blocks to construct high performance materials for both organic FET12 and PV13 

applications.  

 

Figure 1. Chemical structure of the diketopyrrolopyrrole (DPP) chromophore and the common 

phenyl (Ph2-DPP) and thiophene (Th2-DPP) based derivatives. 

 

First reported in 1974 by Farnum et al.14, the DPP chromophore (Figure 1) is easily synthesised, 

has strong visible light absorption, is thermally stable, and can be easily functionalized with 

aliphatic sides chains on the amide-nitrogen atom, enabling dissolution in common organic 

solvents.15,16 Importantly, the presence of two electron-withdrawing amide functional groups 

render DPP a good acceptor within the context of donor-acceptor (D-A) organic -conjugated 

materials.17,18 The DPP core is commonly substituted in the 3 and 6 positions with phenyl19 or 

thienyl20  substituents (DPP(Ph)2 and DPP(Th)2, respectively, in Figure 1), also, furan21 and 
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selenophene22 substituted DPP have been reported. The smaller, 5-membered heterocyclic rings 

lead to smaller dihedral angles between the DPP core and the pendant substituent, resulting in 

greater planarity of the molecular backbone, thus increasing -delocalization and intermolecular 

 interactions. Additionally, thiophene is a stronger electron donor than phenyl, enhancing 

intramolecular charge transfer transitions. These effects result in DPP(Th)2 based materials 

typically exhibiting smaller band gaps and greater charge transport properties than the 

corresponding DPP(Ph)2 derivatives.23,24 Both phenyl and thienyl DPP can be synthesized or 

functionalized with reactive terminal bromine moieties, and thus a wide range of both polymer and 

small molecule DPP derivatives have been synthesized and used as active components in organic 

electronic devices.15 Specifically, DPP based conjugated polymers have be used to fabricate 

organic PV devices with power conversion efficiencies (PCEs) approaching 10%,25–27and organic 

FET devices with hole mobility above 8 cm2 V-1 s-1.28 

 

While initially less studied, DPP based small molecules have emerged as some of the most 

promising materials for use in solution-processed small molecule organic PV devices.29–31 

Pioneering work by Nguyen and co-workers back in 2008 demonstrated the utility of DPP based 

oligothiophenes as donor materials in fullerene-based (bulk-heterojunction) BHJ solar cells, and 

achieved PCEs over 3%.16,32,33 Subsequently, in 2009 the same group showed that PCEs could be 

improved to 4.4% using benzofuran end-capping units (DPP(ThBzFu)2) in place of 

oligothiophenes,34 a record PCE that stood until 2012. These small molecules possessed several 

advantages to related conjugated polymers, including higher purity, simplified synthesis, and the 

ability for absolute structure determination via single crystal X-ray diffraction.29,35,36 With respect 

to the latter, precise structure determination has enabled accurate structure-property-function 
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correlations.37–39  As such, this work paved the way for the emergence of small molecule based 

organic PVs, which now compare to their polymer-fullerene counterparts in highest recorded 

PCE.40–42  

 

Less widely studied, are electron transporting (n-type) DPP small molecules which have the 

potential to be used in place of fullerene derivatives. Significant improvements in the performance 

of non-fullerene based organic solar cells have been realized over the past year with PCEs reaching 

4% and 5%, using small molecule43 and polymer44 based acceptors, respectively. Replacing 

fullerenes with D-A type materials can lead to greater photon harvesting through increased 

absorption of the acceptor, higher open circuit voltages through better BHJ energy level alignment, 

and potential increased chemical stability and lower material production costs. We refer the reader 

to several recent reviews for details.44–50 There are several reports of BHJ solar cells comprising 

DPP based small molecules as electron acceptors51,52 and poly-3-hexylthiophene (P3HT) as an 

electron donor, with a best PCE of 2.05% being acheived.53 

 

Based on these results, we became interested in the design and synthesis of electron deficient DPP-

based small molecules that have appropriate energy levels and absorption profiles that could be 

used as n-type materials in optoelectronic devices. In line with the work of Chen et al51, we 

envisioned that flanking the DPP core with electron deficient end-capping units bearing aliphatic 

sides chains would lead to materials with narrow band gaps, deep frontier molecular orbital energy 

levels, and the ability to efficiently transport electrons.  Herein we report on the optimized 

synthesis, materials characterization, and electron mobility of a series of DPP based small 

molecules incorporating electron-deficient phthalimide and naphthalimide end-capping units.  
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2. Design, Computational Analysis, and Synthesis  

2.1 Materials Design 

Highlighted in Figure 2 is the design strategy we utilized to generate electron deficient narrow 

band gap -conjugated organic small molecules. These materials are based upon a -DPP- 

framework. As previously discussed, the DPP(Th)2 core ensures deep HOMO/LUMO levels and 

strong visible light absorption. We utilized terminal aryl-imide groups to further increase the 

electron affinity of the small molecule and thus further lower the HOMO/LUMO energies. Aryl 

imides are also know to promote self-assembly via strong  interactions,54 and many derivatives 

are commercially available at low cost, an important aspect for potential large scale production.55,56 

Importantly, this framework incorporates alkyl side chains both perpendicular and parallel to the 

-conjugated backbone, which can both be readily tuned. Such orthogonal positioning of alkyl 

side chains has proven successful in yielding uniform and highly ordered thin-films of ‘donor’ 

small molecules from solution.57,58 For this study we compare the impact of phthalimide vs. 

naphthalimide end groups (1 vs. 2), and octyl vs. 2-ethylhexyl vs. 2-hexyldecyl (2 vs. 3 vs. 4) 

aliphatic side chains on key optical, thermal, and electronic properties relevant to organic 

electronics. 
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Figure 2. Design strategy to achieve electron deficient narrow band gap small molecules. 

2.2 Computational Analysis 

To support our hypothesis that the naphthalimide and phthalimide end-capping units should 

increase the electron affinity of the DPP small molecules, we utilized gas-phase density functional 

theory (DFT) to analyze truncated structures (full details provided in the SI), and compared to the 

well-studied small molecule DPP(ThBzFu)2 (3,6-bis[5-(benzofuran-2-yl)-thiophen-2-yl]-2,5-

bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione)34. Molecular geometries for the two core 

structures featuring naphthalimide and phthalimide end-capping units and DPP(ThBzFu)2 were 

optimized at the B3LYP 6-31G(d,p) level of theory (Figure 3). For the naphthalimide and 

phthalimide structures, the thiophene ring and DPP core are nearly coplanar. Not surprisingly, the 

larger naphthalimide end-cap is significantly twisted (ca. 45°) out of the DPP(Th)2 plane (Figure 

3a). The smaller phthalimide end cap is only ~20° distorted from planarity with the core DPP(Th)2 

(Figure 3b). Similar observations have been made for related compounds with vinyl-
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benzo[c]1,2,5-thiadiazole cores,54 although the steric issues are more pronounced in the present 

case due to aryl-aryl interactions rather than aryl-vinyl interactions. The deviation from planarity 

at the ends of the molecule is in contrast to DPP(ThBzFu)2 which adpots a near-planar 

conformation in the gas-phase between the thiophene and benzofuran rings (torsion angle = ca. 

0.4°, Figure 3c). The thiophene rings and the DPP core are slighly out of plane, in opposite 

directions, for DPP(ThBzFu)2, resulting in a slight bowing of the -conugated backone and a 

reduction of dipole moment. The larger dipole moments for the napthalimide and phthalimide 

structures might have consequences on solid-state molecular assembly.59 The calculated highest 

occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) for the 

naphthalimide and phthalimide structures were found to be much deeper than that of 

DPP(ThBzFu)2, supporting the notion that electron-withdrawing imide groups render the -

conjugated backbone electron deficient. In addition, the HOMOs and LUMOs are more localized 

and delocalized, respectively, for these structures when compared to DPP(ThBzFu)2, again 

highlighting the electron-withdrawing nature of the imide end-capping units.  
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Figure 3. Results from B3LYP/6-31G(d,p) calculations comparing the DPP(Th)2 core with 
naphthalimide (1, a) phthalimide (2,3,4 structure; b) and benzofuran (DPP(ThBzFu)2); c) end-
capping units. Angle between adjacent ring planes (degrees, °) shown in black text (top 
structures). Dipole moment vectors and magnitudes (Debyes, D) are shown in green. 
HOMO/LUMO molecular orbital diagrams are shown below with calculated energy values. 

2.3 Synthesis 

The core DPP(Th)2 (2,5-dihydro-1,4-dioxo-3,6-dithienylpyrrolo[3,4-c]-pyrrole) was first prepared 

by using well known synthetic methods.14,60 The resulting red pigment is insoluble in practically 

all solvents due to strong intermolecular hydrogen bonding between adjacent DPP units with the 

N-H as the donor and the ketone oxygen as an acceptor.61–63 To disrupt these strong intermolecular 

forces and enable dissolution in organic solvents, alkyl groups may be attached to the amide 

functionality using N-alkylation reactions. Traditional methods utilize conventional heating and 

require purification via column chromatography. We first modified the reaction step and found 

that the N-alkylation of DPP(Th)2 can be facilitated using microwave irradiation, yielding product 

in under 60 minutes. Second, the workup procedure was modified for this work and it was found 

that recrystallization from hot ethanol produces pure alkyl-DPP(Th)2, removing the need for 

column chromatography and organic solvents which are commonly employed to purify alkyl- 

DPP(Th)2 compounds. See Supporting Information for full details. The resulting alkyl-DPP(Th)2 

dyes are deep-red in color and soluble in common processing solvents, which allows for further 

reactivity.  

The four target small molecules were synthesized from the alkyl-DPP(Th)2 and appropriate 

brominated end-capping units via direct arylation (DA) (Figure 4).64,65 This method directly 

couples aryl-H and aryl-Br reactants allowing for C-C bond formation without the use of toxic tin 

reagents, phosphorus based ligands, or cumbersome boronic acids that are commonly seen in other 

C-C bond forming reactions, increasing atom economy and decreasing environmental impact. 
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While traditional DA reactions are carried out using conventional heating over several hours, we 

found that the reactions could be easily accelerated using microwave heating (17 minutes at 

170°C). The final product dyes were a rich blue color and were purified via flash chromatography. 

Microwave heating was successful in producing pure samples of compounds 1, 2, 3, and 4 with 

isolated yields of 31%, 62%, 62%, and 63%, respectively. Compounds 1-4 were structurally 

characterized by 1H and 13C NMR spectroscopy and mass spectroscopy (See supporting 

information for full details on synthesis and spectroscopic characterization). All compounds were 

determined to be soluble in common organic solvents including chloroform, toluene, and 

chlorobenzene. 

 

Figure 4. General synthetic route towards compounds 1-4. Direct arylation conditions: 
Pd(OAc)2, Pivalic Acid, K2CO3, DMA, Microwave irradiation 170°C, 17 minutes.

3. Optical Absorption and Emission Spectroscopy 
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The ability of compounds 1-4 to absorb and emit light was examined using UV-visible and 

photoluminescence spectroscopy. Results are summarized in Table 1. Figure 5 (a and b) shows the 

individual absorption profiles of all compounds in CHCl3 solution. All compounds have similar 

absorption profiles with strong low energy bands at ~600 nm and slightly weaker high energy 

bands at ~400 nm. These profiles are common for DPP based small molecules, with the low energy 

and high energy bands attributed to D-A charge transfer transitions and localized  transitions, 

respectively (see Supporting Information for confirmation via theoretical calculations). Compound 

1, featuring naphthalimide end-capping units displayed a broad absorbance spectrum which 

showed minimal fine structure, with absorption max (λmax) blue shifted compared to compounds 

2-4, thus implying that the large naphthalene unit may be distorting the molecular backbone from 

planarity in solution, which could reduce the effective conjugation length of the molecule. 

Compounds 2-4, which feature phthalimide end-capping units, all display two distinct low energy 

absorption peaks which we attribute to a more rigid structure in solution, due to less steric strain 

between the C6 and C5 rings. This was confirmed by variable temperature UV-visible absorption 

experiments, where heating solutions of 2 or 4 in chlorobenzene resulted in loss of fine structure 

due to increased rotation about the aryl C-C bonds (see Supporting Information). Interestingly, 

compound 3 with 2-ethylhexyl side chains on the DPP core has a sharp onset of absorption at ~745 

nm, whereas compounds 1 and 2 with n-octyl DPP side chains and compound 4 with 2-hexyldecyl 

DPP side chains, exhibit broad, tailing absorption onsets in CHCl3 solution. The origin of the broad 

absorption onsets for compounds 1, 2 and 4 is not entirely known at this point. 
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11 
 

 

Figure 5. a-b) Normalized solution UV-Visible spectroscopy for compounds 1-4 in CHCl3 solution 
at room temperature. c-d) Normalized solution fluorescence spectroscopy for compounds 1-4 
in CHCl3 at room temperature. 

 

The photoluminescence spectra of compounds 1-4 are shown in Figure 5 (c-d), with full details in 

Table 1. All compounds exhibit a similar profile with a strong emission band at ~650 nm and a 

small shoulder at ~750 nm, except that of compound 1, which has a broad and feature-less profile, 

similar to the absorption spectrum. Compound 1 also exhibits the largest Stokes shift (ca. 72 nm). 

These observations are consistent with 1 adopting a non-planar structure in solution.  

a) b)

c) d)

End cap Alkyl Chain
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Thin-films of compounds 1-4 were spin-coated onto glass substrates and their absorption profiles 

were obtained before and after thermal annealing. The absorption profile of the thin films is red-

shifted compared to the solution spectra (Figure 6). This effect has been noted in many dyes and 

is ascribed to an increase in probability of low energy transitions due to long range ordering of 

aromatic molecules in the solid state.66,67 Comparing compounds 1 and 2 (Figure 6a), compound 2 

has a broader and slightly better defined low energy absorption band, again a likely result of the 

phthalimide end-cap leading to a more rigid -conjugated backbone. Quite surprisingly, increasing 

the topology (the amount and shape of the space occupied by the alkyl chains) and length of the 

DPP alkyl side chain (Figure 6b) resulted in an increase in the fine structure and intensity of the 

low energy absorption bands. Comparing 2 and 3 (n-octyl vs. 2-ethylhexyl DPP side chains), a 

sharpening of the low energy band is observed to give two peaks, a maximum at ~615 nm and a 

shoulder at ~655 nm. Increase in both the length and topology of the of DPP side chain to 2-

hexyldecyl (compound 4), leads to a very sharp absorption profile with two distinct low energy 

bands at ~630 nm and ~690 nm. Our thought is that the larger/longer 2-hexyldecyl side chains are 

likely crystallizing with each other in the solid state, bringing the -conjugated backbones of 

molecules closer together and locking in place a favorable ‘face-on’ orientation. Similar 

observations have been made in the literature.68,69 Compound 3 featuring slightly smaller 2-

ethylhexyl side chains displays similar, but less defined, vibronic structure in its solid state 

absorption spectra compared to 4. Compounds 1 and 2 featuring the n-octyl side chains showed 

the least vibronic structure in both the solution and solid state absorption profiles among all 

compounds. It should be noted that the use of 2-hexyldecyl DPP cores has typically resulted in the 

construction of the best performing materials for organic PV applications.70 
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13 
 

 

 

Figure 6. Normalized UV-Visible spectra thin-films of compounds 1-4. a-b) as-cast from 1% 
CHCl3 solutions, and c-d) thermally annealed at 100°C for 10 minutes in air. 

 

DPP small molecules are known to undergo molecular rearrangement in the solid-state upon 

thermal34,39 or solvent annealing.71 Thermally annealing the thin-films at 100°C for ten minutes 

resulted in a red-shift in λm for compounds 1, 3, and 4 and a very small blue-shift for compound 2. 

The onset of absorption (λo) is red shifted for 1 and 4 upon annealing and is slightly blue shifted 

for compounds 2 and 3. For compounds 2-4, an increase in the fine structure of the low energy 

bands were observed, with the band at ~700 nm dominating all absorption profiles. For 1, minimal 

a) b)

c) d)

End cap Alkyl Chain
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change is observed in the absorption profile upon thermal annealing, a likely result of the bulky 

naphthalimide end groups preventing the formation of strong intermolecular  interactions. 

4. Thermal Properties 

Differential Scanning Calorimitrey (DSC) was used to probe the thermal transitions of compounds 

1-4. Compound 1 exhibits a weak melting transition at ~189 °C and no crystallization transition is 

observed. In contrast, compound 2, incorporating the smaller phthalimide end-cap undergoes a 

melt in the solid phase at a much higher temperature of ~261 °C, and a corresponding 

crystallization transition at ~245 °C is observed (Figure 7a). These data are in line with 1 having 

a more disordered structure in the solid-state. A decrease in melting transition is observed upon 

increasing the size and branching of the alkyl chain on DPP from ~260 °C for 2 with octyl groups, 

to ~183 °C for 3 with 2-ethylhexyl groups, and to ~139 °C for 4 with 2-hexyldecyl groups (Figure 

6b). Similar trends have been reported on in the literature,19,57 and are attributed to a change in the 

ratio of π-π interactions to alkyl-alkyl interactions. As the alkyl chain length increases and the 

conjugated part of the molecule stays the same size, alkyl-alkyl interactions may begin to dominate 

the process of self-assembly instead of the π-conjugated part of the molecule.70 It is interesting to 

note that compound 3 with 2-ethylhexyl groups shows no crystallization transition, while 

compounds 2 and 4 with smaller and larger alkyl side chains, respectively, exhibit distinct 

crystallization transitions (Figure 7). Overall, based on these observations, it is clear that large 

naphthalene based end-groups and bulky alkyl side chains decreases the melting points of the 

compounds. Thermogravimetric analysis (TGA) was used to measure the decomposition 

temperature of the four DPP compounds. For compounds 1-4, the decomposition temperatures are 

all relatively similar. All compounds exhibited excellent structural integrity in air, with 

decomposition temperatures above 350°C (Figure 7c and d, Table 1).   
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Figure 7. a-b) Differential Scanning Calorimetry for compounds 1-4. Compounds were heated 
from 50°C to 300°C for three cycles under air.  c-d) Thermogravimetric analysis for compounds 
1-4. Compounds were heated to 600°C at 15k/min under a N2 atmosphere.  

Table 1: Selected Optical and Thermal properties for compounds 1-4 

 Solution Thin Film Thermal Properties 

 

 

 

λm
a 

 

λo
a 

 

λem
a 

 

λm
b 

 

λo
b 

 

Eg 

 

λm
d 

 

λo
d 

 

Tm 
 

Tc 
 

Td 

1 589 764 661 605 760 1.66 610 770 189 - 396 

2 618 766 652 625 760 1.66 620 750 261 243 403 

3 615 745 654 600 740 1.70 685 735 183 - 361 

4 590 765 654 690 730 1.73 695 735 139 163 369 

 
λm = wavelength of maximum absorbance (nm) 

λo = wavelength of absorbance onset (nm) 

λem = wavelength of maximum emittance, excited at λm for each compound (nm) 

Eg = optical band gap (1260/ λo) 

a) b)

c) d)

End cap Alkyl Chain
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a CHCl3 solution 
bThin film, spin cast from 1% wt/v in CHCl3 
d Thin film, spin cast from 1% wt/v in CHCl3, annealed at 100 °C for 10 minutes. 

Tm = melting temperature (°C) 

Tc = crystallization temperature (°C) 

Td = decomposition temperature (°C)  

 

5. Frontier Molecualr Orbitals Determinaiton.  

5.1. Cyclic Voltammetry 

Cyclic voltammetry in CH2Cl2 solution, was used to determine the electrochemical properites for 

compound 1-4, as shown in Figure 8. All compounds exhbited two distinct reversible oxidation 

and reduction peaks. The highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energy levels of all four compounds were estimated from the onset of 

oxidation and reduction, respectively; data are presented in Table 2. Compounds 2-4 have deep 

HOMO levels from ~ -5.1 to -5.2 eV, and relatively low lying LUMO levels from ~ -3.4 to -3.6 

eV. These values are in the expected range for DPP based small molecules, and are comparable to 

related DPP compounds utilizing electron-withdrawing fluorophenyl end caps,51,64 but are lower 

in energy that those utilizing thiophene based end-caps.16,72 The fact that all compounds have 

similar oxidation and reduction potentials in solution, indicates that the electronic structure is not 

strongly affected by the addition of two extra phenyl rings (1 vs 2) or the nature of solubilizing 

end group (2 vs 3 vs 4) at the molecular level.  
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Figure 8. Cyclic voltammograms for compounds 1-4 obtained in CH2Cl2 solution under an N2 
atmosphere using a sweep rate = 100 mV/s. 
 

Table 2: Frontier molecular orbital determination results for compounds 1-4 

 UPS/Optical CV DFT 

 

 
 

HOMO 

 

LUMO
a 

 

Eg 

 

HOMO
b 

 

LUMO
c 

 

Eg 

 

HOMO
d 

 

LUMO
d 

1 -5.4 -3.7 1.66 -5.20 -3.58 1.62 -5.27 -3.14 

2 -5.2 -3.5 1.66 -5.13 -3.54 1.59 -5.22 -3.13 

3 -5.2 -3.5 1.70 -5.11 -3.54 1.57 -5.22 -3.13 

4 -5.3 -3.6 1.73 -5.18 -3.39 1.79 -5.22 -3.13 

DPP(ThBzFu)

2
e -5.0 -3.7 1.70 -5.20f -3.40f n/a -5.04 -2.57 

aDetermined using the thin-film onset of absoption (optical band gap) and UPS determined 

HOMO value 
b Determined from the onset of oxidation in CH2Cl2 solution (referenced to ferrocene) 
3 Determined from the onset of reduction in CH2Cl2 solution (referenced to ferrocene) 
d From DFT calculations at the B3LYP/6-31(d,p) level of theory 
e UPS values independently determined by our research group for direct comparions to 1-4. 
f Values taken from literature.34 

 

5.2.   Ultraviolet  Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy was used as a second method of determining the HOMO 

of compounds 1-4. This method can be considered more relevant to organic PV, since 

measurements are carried out on thin-films. Results are summarized in Table 2 with plots shown 

a) b)

End cap Alkyl Chain
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in Figure 9. All compounds show similar HOMOs, with compound 1 exhibiting a slightly deeper 

value (-5.4 eV) and compounds 2 and 3 having slightly higher values (-5.2 eV). Compound 4 sits 

in the middle at -5.3 eV.  In the solid state, compound 1 has a deeper HOMO than 2, whereas in 

solution they have similar oxidation onsets. DFT calculations revealed that compound 1 is 

predicted to exhibit significant twisting between the DPP core and the naphthalimide end-caps in 

the gas phase, and as a result of the decreased planarity, the HOMO is calculated to be lower than 

that of 2, following a similar trend to the UPS values.  Therefore, this distortion from planarity 

likely exists in the solid state, deepening the HOMO energy levels. The effect of alkyl chain 

substitution between 2, 3 and 4 is subtle, and differences could be due to solid-state packing 

configurations affecting the polarization response to the photo-ionized molecule. However, these 

small differences in HOMO values are on the order of experimental uncertainty of the 

measurement. For comparison to the well-studied DPP(ThBzFu)2 small molecule 34,73 we 

measured the HOMO of DPP(ThBzFu)2 via UPS to be -5.0 eV, 0.2 eV higher than compound 3. 

This difference can be explained by the greater π-electron deficiency of phthalimide compared to 

benzofuran, thus highlighting the electron withdrawing effect of the phthalimide end-capping unit.  
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Figure 9. Ultraviolet Photoelectron Spectroscopy for compounds A) 1, B) 2, C) 3, D) 4. Red lines 
indicate the energies used to calculate the ionization energy (IE) for each compound. 
 

6. Charge Carrier Mobility 

To evaluate the ability of compound 1-4 to transport electrons and be suitable n-type materials for 

use in optoelectronic devices, we measured the charge carrier mobility of each by fabricating n-

channel bottom-gate top-contact transistors, using aluminum (Al) electrodes (see SI for complete 

details). All compounds are found to transport electrons in this configuration (Table 3). 

Compounds 2 and 4 show the highest electron mobility, with values of 1.2 x 10-3 and 1.9 x 10-3 

a)

d)c)

b)1: IE = 5.4 eV 2: IE = 5.2 eV

3: IE = 5.2 eV 4: IE = 5.3 eV
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cm2/Vs, respectively. Compound 3 with 2-ethylhexyl side chains exhibited a two orders of 

magnitude lower mobility, with a value of 3.4 x 10-5 cm2/Vs. Compound 1 with naphthalimide end 

capping units shows the lowest mobility with a value of 1.1 x 10-6 cm2/Vs. The lower value of 1 

compared to the others is likely a result of the non-planar -conjugated backbone (vide supra) 

preventing the formation of strong intermolecular  interactions required for rapid charge 

transport. While it is difficult to comment on the absolute solid-state packing of these materials 

without single-crystal structures, the lower mobility of 3 compared to 2 and 4, is in-line with the 

absence of strong melting or crystallization peaks in the DSC plots, indicating that the 2-ethylhexyl 

groups might be disrupting the formation of ordered nanostructures under these conditions, and/or 

be orientated face on with the substrate. In all cases, the n-type charge carrier mobilites are slightly 

lower than that reported for PCBM (~ 10-2 cm2/Vs).74 The n-type mobility of compounds 1-4 was 

also compared to the standard DPP(ThBzFu)2. To the best of our knowledge, the n-type mobility 

of DPP(ThBzFu)2 has not been reported. In our device configuration with a thermally evaporated 

active layer, a transistor electron mobility (μe) of 1.2 x 10-4 (cm2V-1s-1) was found for 

DPP(ThBzFu)2. In comparison, compounds 2 and 4 had higher n-type mobility by nearly one order 

of magnitude. Interestingly, DPP(ThBzFu)2, bearing 2-ethylhexyl chains on the DPP core 

exhibited higher mobility than compound 3 which also contains the same alkyl chains on the DPP 

core. There is no clear reason for this, however the fact that compound 3 bears alkyl chains on the 

end-capping units and DPP(ThBzFu)2 does not could play a role in the crystal packing, and 

therefore the charge transport ability. Nonetheless, the ability of compounds 1-4 to retain 

(compounds 1, 3) and possibly improve upon (compounds 2 and 4)  the electron transporting ability 

of DPP(TBzFu)2 validates our design strategy of end capping the DPP chromophore with electron 
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deficient units as an effective way to generate materials with suitable properties for use as 

acceptors in organic solar cell devices.  

Table 3: n-Channel field effect transisitor data for compounds 1-4 and DPP(ThBzFu)2 

 

Compound μe (cm2V-1s-1) VT (V) Ion/Ioff 

1 1.1 x 10-6 40 101 

2 1.2 x 10-3 15 103 

3 3.4 x 10-5 25 102 

4 1.9 x 10-3 11 103 

DPP(ThBzFu)2 1.2 x 10-4 21 101 

 

7. Conclusion 

We have reported on the design and synthesis of four narrow band gap, electron deficient, small 

molecules based upon the diketopyrrolopyrrole (DPP) dye. The incorporation of imide based end-

capping units on the DPP core served to increase the electron affinity of the -conjugated backbone 

and stabilized the HOMO and LUMO energy levels, relative to the well-studied compound 

DPP(ThBzFu)2. Importantly, each compound was synthesized in high yields using microwave 

assisted direct arylation reactivity, thus avoiding the use of coupling functional groups and 

prolonged reaction times.  All compounds were found to have narrow optical band gaps ranging 

from 1.66 to 1.73 eV and high thermal stabilities. Compounds bearing naphthalimide end-capping 

units exhibited significant twisting of the -conjugated backbone. The large deviation from 

planarity for the naphthalimide DPP small molecule (1) resulted in a large observed Stokes shift, 

broad and featureless absorption profiles, and low melting transitions, as such a non-planar 

structure can inhibit the formation of strong intermolecular  interactions. Phthalimide based 
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molecules (2-4) were found to adopt a more planar ground state structure and had better defined 

absorption spectra and sharper melting transitions. All compounds were found to transport 

electrons, with phthalimide based compounds exhibiting the highest mobilites. These findings 

suggest that the simple and cost-effective phthalimide building block can be used to construct 

narrow-band gap, electron transporting materials, and should be given more attention in future 

molecular design.  
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