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In this communication we report on the synthesis and charge 
mobility of highy soluble perylenebisimid derivatives. We 
show that introduction of alkylester side chains results in 
compounds combining a high solubility with charge 
mobilities up to 0.22 cm2/Vs. These materials are therefore 
interesting as electron acceptor for solution-processed 
organic photovoltaics. 

Perylene-3,4,9,10-tetracarboxylic acid diimides (PDIs) are n-type 
organic semiconducting materials that are attractive candidates for 
application in devices such as field effect transistors1, 2 and 
photovoltaic cells.3-5 One of the key advantages of using organic 
materials for such devices is the possibility to deposit the materials in 
large areas from solution, for instance by spin coating. This will not 
only make processing considerably cheaper than for conventional 
inorganic solar cells but also offers the possibility to exploit self-
assembly properties that can be programmed into the individual 
molecules.6 A combination of excellent solubility in common organic 
solvents with good charge transport characteristics is therefore an 
important requirement for organic semiconductors. The majority of 
synthetic efforts and structure property studies have been devoted 
to p-type semiconductors, while the overall development of n-type 
materials is still lagging behind their p-type counterparts.1 Among 
the n-type organic semiconductors, PDIs attract a lot of attention due 
to their high fluorescence quantum yield, high photochemical 
stability and strong electron accepting properties.  
The charge transport properties of PDIs depend, to a large extent, on 
the crystalline ordering and molecular orientation.7-10 Therefore, 
controlling these parameters is a critical aspect of improving their 
performance in applications. For PDIs, substitution at the bay area 
and imide nitrogens has been employed to enhance their n-type 
character and to modify the molecular packing in the crystal. Charge 
carrier mobilities as high as 0.1 cm2/Vs have been achieved upon 
substitution with strongly electron withdrawing groups in the bay 
area of the perylene core, despite their twisted perylene skeletons.11, 

12 On the other hand, it has been shown that high charge carrier 
mobilities for N-substituted PDIs are often combined with rather 
poor solubility. 
In this Letter, we address the lack of solubility of N-substituted PDIs 
by reporting the properties of PDIs in which ester groups are 
incorporated into the aliphatic chains that are attached at the N atom 
of the imide functionality. To gain a better understanding of the 
relationship between the location of the ester group on the aliphatic 
unit and the charge transport characteristics, we have synthesized a 
series of PDIs (1-8) featuring alkyl ester N-substituents. Our results 
show that the solid-state packing and charge transport properties 
can be tuned by varying the relative position of the ester group in the 
in the side chain with respect to the perylene core. Moreover, the 
potential of these highly soluble PDIs with high charge mobility for 
organic photovoltaics is demonstrated by presenting efficient charge 
generation in blends with a p-type Cu (II) phthalocyanine substituted 
with eight dodecyloxy chains in the peripheral positions (9), see 
Figure 1. 

 
Fig.	
  1.	
  Chemical	
  structures	
  of	
  PDIs	
  (1-­‐8)	
  and	
  octa-­‐dodecyloxy-­‐substituted	
  Cu	
  (II)	
  
phthalocyanine)	
  (CuPc)	
  9.	
  

PDIs 1-8 were synthesized by using a modification of a previously 
described procedure.13, 14 The solubility of these PDI derivatives 
reflects the strength of intermolecular interactions in the solid state, 
which can be influenced by both the π-π stacking of the perylene 
moieties and packing of the N-substituents. The only difference 
among the PDIs (except 8) is the position of the ester group in the 
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PDI side chain. It is well known that ester groups can engage in a 
relatively strong dipole-dipole attractive interactions that can be 
probed by infrared spectroscopy since this results in a red shifted 
C=O stretching frequency (νC=O).15 Such an ester dipole-dipole 
interaction may hinder the efficient packing of all-anti polymethylene 
segments, leading to a weakened overall N-substituent 
intermolecular interaction.  

Table 1. Solid and “free” νC=O, RT solubility  and charge carrier mobilities 
(Σµ) at 20 °C for compounds 1-8 

PDI 
Solid νC=O (cm-1) “free” 

νC=O (cm-

1) 

Solubility 
(mg/mL) in 

CHCl3 at RT) 
Σµ (cm2/Vs) 

1 1730 1765 0.03 0.03 
2 1740, 1721 1749 0.12 0.06 
3 1743 1746 0.62 0.17 
4 1716 1745 84 0.05 
5 1729, 1734, 1742 1744 105 0.11 
6 1732 1744 100 0.12 
7 1726, 1734 1744 48 0.10 
8 1728, 1738 1745 86 0.22 

 
This could result in a higher solubility without sacrificing the PDI π-
stacking interaction. Such an effect of ester groups on the packing of 
polymethylene segments has been observed to results in a 
considerably reduced melting temperature of a series of n-alkyl 
alkanate ester isomers compared to their n-alkane counterpart, se 
supporting information. As shown by the νC=O values in Table S1, ester 
groups in PDIs 1-8 engage in dipole-dipole interactions, although to 
a different degree. The ester group in 1 exhibitits the strongest 
dipole-dipole interaction, as indicated by the largest red-shift relative 
to the estimated “free” ester νC=O (Table 1 and Fig. S7). However, 
because the ester group is located near the end of the N-substituent, 
it imposes only a small effect on the packing of polymethylene 
chains. Consequently, 1 features mainly all-anti n-alkyl chains and the 
lowest solubility, as shown in Table 1. Typically, all-anti 
polymethylene sequences exhibit asymmetric CH2 stretching at or 
below 2920 cm-1, whereas the introduction of gauche bonds results 
in a shift to higher frequencies. As the ester group moves towards the 
centre of the chain, the effect imposed by ester groups on the tight 
packing of the all-anti polymethylene chains becomes larger, 
resulting in strongly increased solubilities. In PDIs 5 and 6 the ester 
group is near the centre of the N-substituent, giving them the 
highest solubility among the series studied. The ester group in 7 is 
close to the end of the N-substituent. Therefore, its effect on 
polymethylene chain packing becomes weaker, which translates into 
a lower solubility than for 5 and 6. This observed relation between 
the solubility and the ester position is qualitatively the same as the 
relation between the melting point and the ester position exhibited 
by a series of n-alkyl alkanate isomers. The fact that 1 and 2, and even 
3 show much lower solubilities than 7 suggests that when the ester 
group is close to the PDI core, the ester dipole-dipole interaction and 
PDI π-π stacking interaction may work cooperatively, leading to 
stronger intermolecular interaction and therefore a lower solubility. 
This reinforcing effect diminishes quickly with the increased 
separation between the PDI core and the ester group. It is intriguing 
to observe that the solubility changes by more than three orders of 
magnitude just by changing the position of the ester group in the N-

substituent. Since aliphatic hydrocarbons do not make a sizeable 
contribution to the electric conductivity, one would like to minimize 
their usage as long as a good solubility can be achieved. PDI 8 was 
synthesized as the more “atom-efficient” version of 5, with only a 
modest decrease in solubility. 

	
  	
  

Fig.	
  2.	
  Wide	
  angle	
  X-­‐ray	
  diffraction	
  patterns	
  of	
  solid	
  PDIs	
  (1-­‐8)	
  Si:	
  the	
  diffraction	
  
from	
   silicon	
   powder,	
   which	
   was	
   added	
   as	
   the	
   internal	
   calibration.	
   The	
   broad	
  
scattering	
  from	
  disordered	
  alkyl	
  chains	
  was	
  shown	
  as	
  dashed	
  curves.	
  

X-ray diffraction (XRD) experiments were carried out to probe the 
influence of the ester groups on the molecular packing of the PDI 
molecules. The powder diffraction patterns shown in Fig. 2) illustrate 
sharp diffraction peaks indicating a high crystallinity for all PDIs 
except 7, which appears to be relatively disordered, as indicated by 
the broadest diffraction peaks.  

 
Fig.	
  3.	
  Microwave	
  conductivity	
  transients	
  of	
  pure	
  PDIs	
  (1-­‐8)	
  obtained	
  by	
  exposing	
  
samples	
  to	
  10	
  ns	
  of	
  3	
  MeV	
  electrons	
  generated	
  by	
  a	
  Van	
  de	
  Graaf	
  accelerator.	
  

The intensity of the small-angle diffractions relative to diffraction 
peaks around 2θ = 20° that usually arise from the packing of n-alkyl 
chains depends on the electron density contrast between the rigid 
core and aliphatic portions. Among highly soluble PDIs, the weakest 
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small angle-diffraction has been observed for 4, while PDI 5 and 6 
exhibit the strongest small-angle diffraction. This may be attributed 
to highly ordered PDI cores and/or poorly packed polymethylene 
chains as both lead to an increase in the PDI core/aliphatic chain 
electron density contrast. The latter is confirmed by FTIR data and a 
broad wide-angle diffraction at about 2θ = 20°. Furthermore, sharp 
wide-angle peaks in 5 and 6 points to a highly ordered arrangement 
of PDI cores. By contrast, wide-angle diffraction of 4 does not display 
any broad scattering near 2θ = 20°, suggesting well-ordered side 
chains. A comparison between 1 and 4 reveals that 1 gives much 
stronger small-angle diffraction than 4, even though their side chains 
are also closely packed in crystalline fashion.  Therefore, in PDI 4 the 
optimal packing of the side chains presumably dominates the self-
assembling properties, while stacking of PDI cores is weak.  
The charge transport properties in powders of PDIs 1-8 were 
explored using the pulse-radiolysis time-resolved microwave 
conductivity (PR-TRMC) technique.16 It has been shown that 
mobilities obtained by this technique are similar to the optimal 
values from time-of-flight17 or field effect transistor18 measurements. 
The PR-TRMC technique can therefore be considered as a method of 
choice for the fast and reproducible screening of charge transport 
properties of organic materials, before incorporation into devices. 
Charges are generated homogeneously in the samples by exposing 
them to a highly energetic, pulsed electron beam. PR-TRMC 
transients of 1-8 are depicted in Figure 3 and the sum of the charge 
carrier mobilities determined from the end of pulse conductivity, Σμ, 
are compiled in Table 1. The mobility values range from 0.03 cm2/Vs 
for 1 to 0.22 cm2/Vs for 8. The highest one-dimensional mobility 
achieved for 8 (0.22 cm2/Vs) is in accordance with values obtained for 
closely related N-substituted PDIs measured using the same 
technique.19, 20 It is worth noting that we were able to obtain PDIs 
with high charge carrier combined with excellent solubility. Among 
PDI isomers (1-7), 3 exhibits the highest mobility. This suggests that 
the position of the ester group in the side chains leads to stacking 
geometries that are favourable for charge transport in 3.13 PDI 4 
shows the lowest mobility among highly soluble PDIs (4-7), which 
can be attributed to the weaker π-π stacking interaction of PDI cores 
as suggested by the XRD results.  
A comparison of the PR-TRMC conductivity transients demonstrates 
dramatic difference in the lifetimes of the charge carrying species for 
the PDI derivatives. The first half-lifetime in 8 is less than 20 ns, 
whereas PDI 7 has a half-lifetime of 43 µs. The increased lifetime of 
the charge carriers in 7 is attributed to a combination of enhanced 
morphology and molecular structure. The length of the side chains 
has a marked influence on the morphology and can strongly affect 
the recombination if this occurs by tunneling between neighbouring 
PDI stacks or layers through the hydrocarbon sidechains.21 In fact, the 
spacing between two adjacent PDI stacks/layers in 7 is indeed the 
largest, as shown by the small-angle region of XRD results. 
The high solubility of the compounds discussed here, combined with 
relatively high charge mobilities make them especially interesting for 
solution-processed organic photovoltaic cells. This is true in 
particular for PDI 7 that combines a high charge carrier mobility (~0.1 
cm2/Vs) with a very long conductivity half-life time. This indicates that 
one of the important factors that limit the overall efficiency of 

organic solar cells, trapping of charges, is unimportant in this 
material. 

 

 
Fig.	
  4.	
  (A)	
  Photoconductance	
  transients	
  obtained	
  upon	
  excitation	
  at	
  500	
  nm	
  for	
  
pure	
   PDI	
   7,	
   pure	
   CuPc	
   9	
   and	
   50:50	
   (wt	
   %)	
   CuPc	
   9	
   :PDI	
   7	
   blend	
   films.	
   (B)	
   The	
  
product	
   of	
   the	
   yield	
   per	
   incident	
   photon	
   and	
   the	
   sum	
   of	
   the	
   charge	
   carrier	
  
mobilities	
  (red,	
  left	
  axis)	
  and	
  the	
  fraction	
  of	
  absorbed	
  light	
  (FA)	
  (green,	
  right	
  axis)	
  
in	
  CuPc	
  9	
  :	
  PDI	
  7	
  blend	
  film	
  as	
  a	
  function	
  of	
  the	
  excitation	
  wavelength.	
  The	
  scaled	
  
spectra	
  of	
  films	
  of	
  the	
  individual	
  compounds	
  are	
  also	
  included.	
  

 In order to explore the potential of PDI 7 as an acceptor material for 
application in organic photovoltaics, we have investigated the 
charge separation in bulk heterojunctions of PDI 7 blended with a p-
type organic material, alkoxy-substituted Cu (II) phthalocyanine, see 
Figure 1. The optical absorption spectra of individual layers of 7 and 9 
together with a layer of CuPc 9 : PDI 7 blend in a 50 : 50 weight ratio 
are shown in Figure 4B. AFM images (see supporting Information) 
show an irregular surface, indicating the presence of extensive 
domains of at least one of the constituents. The generation of mobile 
charges in these three layers was studied using the photo-induced 
time-resolved microwave conductance (TRMC) technique.22, 23 In this 
electrodeless photoconductivity technique, the formation of mobile 
charges on excitation with a nanosecond laser pulse is detected by 
monitoring the absorption of microwaves as a function of time. 
Details of the measurements are summarized in the Supplementary 
Information. 
In Figure 4A TRMC traces of the CuPc 9 : PDI 7 blend (50:50) films and 
the pure materials, normalized by their optical attenuation (FA) are 
shown. The samples were excited at 500 nm with a fluence of 8.9 × 
1012 photons/cm2/pulse. The photoinduced conductance increases 
upon photoexcitation due to generation of mobile charge carriers. 
Subsequently, a decrease in photoconductance is observed as a 
result of charge recombination and/or trapping at defect sites.24 The 
rise time is determined by the laser pulse duration (3.5 ns) and the 
response time of the microwave cavity (18 ns).22 For the CuPc 9 : PDI 
7 blend the maximum in photoconductance is determined to be 8.0 
× 10-3 cm2/Vs, which is two orders of magnitude higher than those for 
the individual layers. This clearly shows that long-lived, mobile 
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charge carriers are efficiently formed in the CuPc 9 : PDI 7 blend upon 
excitation at 500 nm, despite the fact that relatively large domains 
are present. The long lifetime is consistent with the presence of these 
domains in which electrons and holes can move around freely. 
An efficient solar cell should take advantage of the excellent spectral 
coverage due to the complementary optical absorption of PDIs and 
phthalocyanines (see Fig. 4B). This requires that efficient generation 
of charges should occur, regardless of the excitation wavelength. In 
bulk heterojunctions of PDI 7 and CuPc 9 the photocurrent can be 
generated in two ways: 1) photoexcitation of PDI (~500 nm) followed 
by hole transfer to the CuPc phase; 2) photoexcitation of CuPc (~ 700 
nm) followed by electron transfer to the PDI phase. The result in both 
cases is an electron in the LUMO of the PDI and a hole in the HOMO 
of the CuPc.  
In Figure 4A the product of the fraction of incident photons that 
leads to charge separation (η) and the sum of the mobility of the 
positive and negative charges (Σμ), derived from the maximum 
photoconductance for the CuPc 9 : PDI 7 blend is shown as a function 
of excitation wavelength. 
The value of ηΣμ is compared with the fraction of the incident light 
that is absorbed in blend film, FA. Since Σμ does not depend on the 
way in which the charges were generated, this comparison shows 
that the quantum yield for charge generation, φ, corresponding to 
excitation of 9 is similar to excitation of 7.  

Conclusions 

In conclusion, we described the synthesis and characterization of 
highly soluble PDI derivatives (1-8) that exhibit charge carrier 
mobilities up to 0.22 cm2/Vs. The potential of these materials for 
application in solution-processed organic photovoltaics was 
demonstrated by blending PDI 7 with a p-type phthalocyanine 
derivative. Photoconductance measurements on this blend shows 
the efficient formation of free charges on absorption of light in either 
component of the blend.  
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