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Four soluble perylene diimide derivatives (PDIs) have been prepared and their UV–visible and

photoluminescence (PL) spectroscopy, cyclic voltammetry (CV) and thermal properties were

studied. ITO/PEDOT:PSS/poly(3-hexylthiophene) (P3HT):PDIs/LiF/Al photovoltaic devices

were fabricated with PDIs as electron accepting and transporting materials. The highest incident

photon-to-current conversion efficiency (IPCE) of 19% at 495 nm and the power conversion

efficiency (PCE) of 0.18% under AM 1.5 (100 mW cm22) with a short-circuit current density (JSC)

of 1.32 mA cm22, an open circuit voltage (VOC) of 0.36 V, and a fill factor (FF) of 0.38 have been

achieved with 1 : 4 ratio of P3HT : N,N9-di(1-nonadecyl)perylene-3,4,9,10-bis(dicarboximide)

(PDI-C9) after annealing at 80 uC for 1 h. 1,7-Bis(N-pyrrolidinyl)-N,N9-dicyclohexyl-3,4,9,10-

perylenebis(dicarboximide) (5-PDI), which has the electron donating pyrrolidinyl group, absorbed

the long wavelength region to give IPCE onset higher than 750 nm and the pyrrolidinyl group also

raised the LUMO level of 5-PDI to render the high VOC (up to 0.71 V) in photovoltaic device.

Introduction

Organic materials for photovoltaic devices based on conduct-

ing polymers are attractive because most of them can be

processed from solution via spin-coating at room temperature,

enabling the manufacture of large area, flexible and light-

weight devices. Besides environmental constraints and the

predictable exhaustion of fossil energy resources, the strong

renewal of interest for organic photovoltaic conversion has

been boosted by the large improvement in conversion

efficiency of organic solar cells accomplished in recent years.1

Current progress on organic photovoltaic devices from the

standpoint of increasing power conversion efficiency (PCE) is

mainly attributed to the bulk heterojunction structure, which

enables an efficient charge separation due to the increased

photoactive interface area of p–n junction. The bulk hetero-

junction is typically attained by blending a donor (p-type)

conjugated polymer and an acceptor (n-type) molecule. The

highest efficiency of 3.5% has been reported so far,1a and

recently 5% efficiency benchmark has been overcome.1b But,

further increase of the PCE is required for commercial

applications of organic photovoltaic solar cells.2 The search

for new materials with good performance characteristics as

well as the improvement in the device fabrication has been a

subject of importance.

Organic photovoltaic devices rely on three main processes,

namely, exciton generation, exciton dissociation, and free

charge collection. First, excitons are generated in the active

layer by absorbing incident light, then excitons diffuse in the

active layer and dissociate at the interface between the two

materials with different electron affinities to form free

charge carriers, and, finally, charge carriers are transported

to the anode and the cathode, driven by a difference in

chemical potential.3

As an energy-conversion device, efficiency is a very

important parameter. In order to increase the PCE of devices,

many aspects should be taken into account, such as the

absorption coefficients of the materials, the exciton dissocia-

tion rates and the charge-carrier mobilities. First of all, the

active layer should absorb as many as possible of the incident

photons to generate excitons. The thickness of the active

layer is, however, limited by the low carrier mobility of most

organic materials, and is, typically, of the order of hundreds of

nanometres.4 Most of the electron acceptors such as C60

derivatives and TiO2 nanoparticles for bulk heterojunction

photovoltaic devices have relatively weak molar absorption

coefficients at the visible region and do not give any direction

for self-assembly while they were blended with electron donor

polymers. We are interested in perylene diimide derivatives

(PDIs), because PDIs have large molar absorption coefficients,

good electron accepting properties5 and possible generation of

a highly conducting direction along the p–p stacking axis,6,7 in

addition to the other merits, like robust, thermally stable,

and inexpensive. Up to date, most of the applications for

photovoltaic devices with perylene derivatives were performed

to dye-sensitized solar cell (DSSC)8 or layered structure

through vapor deposition with insoluble PDIs,9 but applica-

tions of PDIs to the bulk heterojunction photovoltaic devices

are quite limited.10

Thus, in this paper we have undertaken a systematic study

on various PDIs, which have different functional groups, to
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find the most promising acceptor structure for the future

bulk heterojunction photovoltaic devices. We chose four different

PDIs: N,N9-di(1-nonadecyl)perylene-3,4,9,10-bis(dicarboximide)

(PDI-C9), 1,7-bis(N-pyrrolidinyl)-N,N9-dicyclohexyl-3,4,9,10-

perylenebis(dicarboximide) (5-PDI), 2-(1-nonyldecyl)benzimi-

dazo[2,1-a]anthra[2,1,9-def:6,5,10-d9e9f9]diisoquinoline-1,3,8(2H)-

trione (PDI-BI), and N,N9-bis(cyclohexyl)-(1,7 & 1,6)-dicyano-

perylene-3,4,9,10-bis(dicarboximide) (PDI-CN). PDI-C9

has similar structure with N,N9-bis(1-ethylpropyl)-3,4:9,10-

perylene bis(tetracarboxyl diimide) (EP-PTC)10a of Friend’s

group, but has longer alkyl chains to give better solubility in

solution and to have better miscibility with P3HT in solid

state. We designed more planar PDI-BI to give better stacking

property than PDI-C9 while maintaining reasonable solubility

with its swallow-tailed long alkyl chain. Introduction of

pyrrolidyl group at the bay position of perylene shifted the

absorption region to longer wavelength11 and the absorption

maximum of 5-PDI was observed at 700 nm. PDI-CN has high

charge mobility as an organic thin-film transistor (OTFT)

material,12 which is one of the most desired properties for bulk

heterojunction photovoltaic device materials.

The conjugated polymer poly(3-hexylthiophene) (P3HT),

which is known to be a good hole mobility molecule in its

regioregular form,13 has been chosen as a electron donor as well

as a hole conductor. Fixing P3HT as a hole transporting

polymer and varying the electron acceptor PDIs, we can assume

that the observed properties differences in devices are mainly

come from the different structural and physical properties of

PDIs. The compound structures are shown in Fig. 1.

Results and discussion

It was already demonstrated that increased ordering of

perylene molecules leads to an increase in exciton diffusion

length17 and stabilizes the charge separated states, which slows

down the charge recombination.18 UV–visible spectroscopic

results of PDIs are presented in Fig. 2 and the optical

properties are given in Table 1. From these results, it is evident

that when PDIs cast from chloroform solution to solid state

film, the full width at half maximum (FWHM) of PDI-BI and

PDI-CN in solid films increase to become much broader than

PDI-C9 and 5-PDI, which implies that the planar structures of

PDI-BI and PDI-CN have a better stacked structure in solid

state than PDI-C9 and 5-PDI. The maximum absorption

peaks of all PDIs in solid film had a hypsochromic shift while

they solidified during spin casting from chloroform solution.

This blue shift was caused by the H-aggregation of perylene

moiety, which means PDIs were aggregated via face to

face self-assembly6 (Table 1 and Fig. 2). The extended

H-aggregation in the donor polymer blended device could

give the charge transporting channel along the p–p stacking

axis.6,7 With long wavelength visible light absorption up to

800 nm in the film state, 5-PDI could be a good candidate to

use the whole range of visible light by fabricating photovoltaic

device after mixing with P3HT, while the other PDIs did not

effectively absorb light of longer wavelength than 670 nm.

PL quenching in donor–acceptor composites is a useful

indication for the efficient charge transfer between the two

Fig. 1 Device configuration and the chemical structures of P3HT and

perylene diimide derivatives (PDIs).

Fig. 2 UV–Visble spectra of (a) PDIs in chloroform solution, (b) thin

films of PDIs and P3HT spin-coated on quartz from chloroform

solution.
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components.10b,19 Only PDI-C9 shows good PL quantum

efficiency in both the solution (77%) and film state (52%)

(Table 1). In the film state all other PDIs do not have

reasonable photoluminescence. Fig. 3 shows the PL spectra of

the PDI-C9:P3HT composite films with different concentra-

tions of P3HT. The results exhibit a significant PL quenching

of the PDI-C9 emission in the composites. With more than

20% of the P3HT, most of the PL is quenched. This

observation obviously indicates that the charge transfer from

P3HT to PDI-C9 through the absorption of light by PDI-C9

and the back-transfer proceed with the nonradiative recombi-

nation process.20 This result implies that the light, which is

absorbed by the PDIs, also could contribute to the generation

of current at the photovoltaic device.

Thermogravimetric analysis (TGA) data of PDIs revealed

that all the PDIs are thermally stable over 400 uC exept 5-PDI

as given in Table 2. 5-PDI loses 16% of weight at 233 uC (first

step loss point) and retained 80% of its weight at the end of the

flat region (373 uC) as shown in Fig. 4, which is well matched

with the calculated 20% weight loss by losing the pyrrolidinyl

group. By losing a cyclohexyl group, it additionally reduces

the weight to 54% at the second step loss point (453 uC),

theoretically 56% of 5-PDI’s weight will be retained after

losing both the pyrrolidinyl and cyclohexyl group. Three of the

other PDIs were stable up to 400 uC and lost the alkyl group at

the diimide nitrogen (1-nonadecyl- or cyclohexyl-) near 460–

513 uC at the first step loss point (Fig. 4 and Table 2).

From the TGA data, we can conclude that the benzimida-

zole group in PDI-BI and the nitrile group in PDI-CN are

thermally stable and the alkyl groups at the diimide amine are

also quite stable over 400 uC, but the amine group attached

at the bay position of perylene was easily decomposed, even

below 200 uC.

Table 1 Glass transition temperatures and the optical properties of PDIs

Compounds PDI-C9 5-PDI PDI-BI PDI-CN

Tg
a/uC 76 and 93 105 124 135

labs max in solutionb/nm 527 (490e) 701 572 (535e) 526 (490e)
FWHMc in solutionb/nm 18 (50f) 85 86 30 (52f)
WPL in solutionb (lex/lPLmax) [% (nm/nm)] 77 (500/534) 5.9 (680/726) 28 (550/597) 64 (490/535)
labs max in filmd/nm 499 (542e) 700 499 467
FWHMc in filmd/nm 92 126 154 .200
WPL (%) in filmd (lex/lPLmax) [% (nm/nm)] 52 (542/608) —g —g 0.09 (537/629)
a Onset temperature. b Chloroform solution. c Full width at half maximum. d Spin cast on quartz plate from chloroform solution. e Second
highest peak. f Assumed FWHM as if the 490 nm peak were merged to the 526–527 nm peak. g Not detected.

Fig. 3 PL spectra of the PDI-C9:P3HT blend films upon excitation at

542 nm. PDI-C9:P3HT blend films were spin-coated on quartz from

chloroform solution.

Fig. 4 Thermogravimetric analysis (TGA) graph of PDI-C9 and

5-PDI.

Table 2 Thermogravimetric analysis (TGA) of PDIs

Compounds
5% Weight loss
temperature/uC

First step loss point,a weight at that
point (losing functional group, calcd.
weight after loss)

Second step loss point,a weight
at that point (losing functional
group, calcd. weight after loss)

PDI-C9 395 473 uC, 40% (1-nonadecyl, 42%) —
5-PDI 133 233 uC, 84% (pyrrolidinyl, 80%) 453 uC, 54% (cyclohexyl, 56%)
PDI-BI 408 513 uC, 67% (1-nonadecyl, 63%) —
PDI-CN 413 460 uC, 77% (cyclohexyl, 73%) —
a Stabilizing point after the 1st or 2nd step loss.

386 | J. Mater. Chem., 2006, 16, 384–390 This journal is � The Royal Society of Chemistry 2006



Cyclic voltammetry (CV) is a useful method for measuring

electrochemical behavior, evaluating the relative HOMO and

LUMO energy levels and the band gap of a molecule. In order

to calculate the absolute energies of HOMO and LUMO

levels, the redox data are standardized with ferrocene–

ferricenium couple, which has a calculated absolute energy of

24.8 eV.21 The LUMO energy levels of PDIs were obtained

from the half way reduction potentials (E1/2
21). However,

the oxidation potentials of PDI-C9, PDI-BI and PDI-CN were

not observed clearly in CV measurements, hence the HOMO

levels of PDIs were estimated by the addition of the optical

band gap from the LUMO levels. The HOMO energy level

of the P3HT was obtained from the onset potential of

the oxidation at CV, and the LUMO was estimated by the

subtraction of the optical band gap from the HOMO level. The

optical band gaps of all PDIs and P3HT were determined

by the absorption edge of their thin films. The resulting

hypothesized energy band gap and energy diagram can be seen

in Table 3 and Fig. 5. PDI-C9 and PDI-BI have the proper

HOMO and LUMO levels to accept an electron from the

excited P3HT molecule and to transfer the hole at the excited

PDIs to P3HT. But for 5-PDI, HOMO level was higher than

the HOMO level of P3HT and it could have some possibility

to render the undesired energy transfer from P3HT to 5-PDI

rather than charge separation. At the case of PDI-CN, both

the HOMO and LUMO levels were too low. The LUMO level

of the PDI-CN was close to the work function of Al, and it

could reduce the built-in potential of device and possibly

reduce the open circuit voltage (VOC).

Photovoltaic measurements were performed using an AM

1.5 solar simulator and the intensity of the incident light was

100 mW cm22. The measurements were made at ambient

atmosphere. The power conversion efficiency (PCE) of the

solar cell device was calculated from the values of open-circuit

voltage (VOC) and short-circuit current density (JSC) as the

following equation:

PCE = Pout/Pin = (JSC 6 VOC) 6 FF/Pin

Pin represented the incident light power [mW cm22]. And fill factor

(FF) was calculated from the values of VOC, JSC, and the

maximum power point (Pmax), as the following equation:

FF = Pmax/(Jsc 6 Voc) = (Jmax 6 Vmax)/(Jsc 6 Voc)

where Jmax and Vmax is maximum current density and maximum

voltage at the Pmax, respectively. Table 4 summarizes photovoltaic

device performance results for ITO/PEDOT:PSS/P3HT:PDIs/LiF/

Al devices. First, we fabricated the devices with 1 : 1 ratio of

P3HT : PDIs as an active layer without annealing (device b, d, j, l,

p and s in Table 4). Among these devices, PDI-BI showed the best

PCE of 0.061% (device p); this higher efficiency over PDI-C9 was

caused by its wider absorption band and better stacking ability by

the planar structure than PDI-C9. Annealing of the PDI-C9

devices at 80 uC for 1 h under Ar atmosphere drastically increased

the PCE nearly twofold (device a and c), while the other PDIs

devices did not show any meaningful differences (device i, k, o, q

and r). The increased device performance in the case of PDI-C9

devices may be due to the reorientation of P3HT10 and PDI-C9 to

get more ordered stacking during annealing. Low Tg of PDI-C9

(Tg = 76 uC at Table 1) can cause the possible reorientation of

P3HT and the high Tg of the other PDIs (Tg of 5-PDI = 105 uC,

Tg of PDI-BI = 124 uC and Tg of PDI-CN = 135 uC) prevent the

formation of the more ordered structure of these at this low

annealing temperature. PDI-CN showed the good electron

transporting properties upon vapor deposition on OTFT device,12

but the solution cast device with P3HT has poor short-circuit

current density (JSC). This may be due to the poor morphology of

the spin cast film because of its poor solubility and the too good

aggregating ability of PDI-CN.

With increasing PDI-C9 ratio in P3HT:PDI-C9 blending

system, the PCE also increased and reached to a maximum of

0.18%, when the device was annealed at 80 uC for 1 h (device g

in Table 4). However, in case of 5-PDI based device, the

decrease in PCE was observed with increasing the blending

ratio (device g–n). This reduction in PCE may be due to the

presence of two pyrrolidinyl groups in 5-PDI, which inhibits

Table 3 Electrochemical properties and the estimated MO energies of the PDIs and P3HT with respect to the vacuum level

Compounds E1/2
+2/V E1/2

+1/V E1/2
21/V E1/2

22/V E1/2
23/V Optical band gap in film/eV HOMOd LUMOd

PDI-C9a — — 21.11 21.37 — 2.13 5.82e 3.69e

5-PDIa 0.32 0.17 21.40 21.52 — 1.60 5.00e 3.40e

PDI-BIa — — 21.08 21.26 — 1.84 5.56e 3.72e

PDI-CNa — — 20.73 21.05 21.53 1.97 6.04e 4.07e

P3HTb — 0.57c — — — 1.90 5.24f 3.34f

a Half way potential of all PDIs vs. Fc/Fc+ were determined in solution state with 0.1 M Bu4NPF6 in CH2Cl2 solution. b In solid state with
0.1 M Bu4NBF4 in CH3CN solution. c Onset potential. d Set ferrocene–ferrocenium = 4.80 eV. e From E1/2

21 and optical band gap in film.
f From onset potential and optical band gap in film.

Fig. 5 Hypothesized energy diagram of ITO/PEDOT:PSS/

P3HT:PDIs/LiF/Al devices.
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the well stacking of 5-PDI itself. Apart from this, the good

solubility of 5-PDI and also the good miscibility with P3HT

inhibits the ordered structure of P3HT, which resulted in the

limited charge transporting ability in P3HT. The representa-

tive current potential characteristics with different functional

groups are presented in Fig. 6.

The incident photon-to-current conversion efficiency (IPCE)

can be obtained from the short-circuit current density (JSC)

upon monochromatic illumination in the 380–750 nm region:

IPCE~
#electrons

#photons
~1240|

JSC

Pinl

Where JSC is the short-circuit current density [mA cm22], Pin the

incident light power [mW cm22], and l the wavelength [nm]. The

IPCE spectra closely follow the UV–visible absorption spectra of

P3HT:PDIs blending films (Fig. 7). The IPCE of the device made

with PDI-C9 (device g) reached a maximum of 19% at 495 nm but

light with a longer wavelength than 670 nm did not generate any

photocurrent (Fig. 7(a)), which is well matched with the UV–

visible spectrum of PDI-C9 : P3HT = 1 : 4 film. In the case of

device j, the IPCE spectrum was also similar to absorption

spectrum of P3HT : 5-PDI = 1 : 1 blending film, which covered the

whole visible region. And the onset of IPCE spectrum was at a

longer wavelength than 750 nm (Fig. 7(b)) meaning the light

absorbed by 5-PDI generates the photocurrent. From previous PL

quenching results and these IPCE experiments, we could say that

the light absorbing electron transporting materials, PDIs, also

contribute the harvesting of sunlight.

Table 4 Performance of ITO/PEDOT:PSS/P3HT:PDIs/LiF/Al bulk heterojunction photovoltaic devices under a simulated photovoltaic light
with 100 mW cm22 illumination (AM1.5)

Compounds Device P3HT/PDI ratio Active layer thickness/nm Annealinga JSC/mA cm22 VOC/V FF PCE [%]

PDI-C9 a 1/1 100 Yes 0.45 0.26 0.31 0.036
b 1/1 100 No 0.30 0.19 0.32 0.018
c 1/1 70 Yes 0.67 0.29 0.33 0.065
d 1/1 70 No 0.47 0.23 0.31 0.034
e 1/2 100 No 0.55 0.30 0.31 0.051
f 1/2 70 No 0.73 0.27 0.35 0.068
g 1/4 70 Yes 1.32 0.36 0.38 0.182
h 1/4 70 No 1.31 0.30 0.38 0.139

5-PDI i 1/1 100 Yes 0.26 0.66 0.25 0.043
j 1/1 100 No 0.25 0.63 0.27 0.043
k 1/1 70 Yes 0.27 0.51 0.30 0.041
l 1/1 70 No 0.28 0.55 0.27 0.042
m 1/2 90 No 0.20 0.61 0.30 0.037
n 1/4 70 No 0.21 0.71 0.21 0.031

PDI-BI o 1/1 85 Yes 0.40 0.38 0.29 0.044
p 1/1 70 No 0.47 0.37 0.35 0.061

PDI-CN q 1/1 80 Yes 0.04 0.13 0.29 0.002
r 1/1 50 Yes 0.13 0.13 0.30 0.005
s 1/1 50 No 0.12 0.12 0.30 0.004

a 80 uC for 1 h under Ar atmosphere.

Fig. 6 Representative current potential characteristics for ITO/PEDOT:PSS/P3HT:PDIs/LiF/Al devices. Detailed data of each graph could be

found in Table 4.
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From the above results, we can conclude some important

information regarding the architecture of perylene molecules.

PDI-C9 has a good solubility to apply solution processed

photovoltaic device fabrication because of its long swallow

tailed alkyl chains and shows the best photovoltaic properties

among the four PDIs, however the low open circuit voltage

(VOC = y0.36 V) and short-circuit current density (JSC =

1.32 mA cm22) are its drawbacks. So, further structural

modification is required to increase the VOC and improve the

electron transporting ability. When an electron donating group

is fixed with P3HT, the VOC is attributed to the LUMO level

of the PDIs, so the introduction of electron donating group at

the perylene body could increase the VOC by increasing

LUMO level. Actually the increase of LUMO level by 0.3 V

with introducing electron donating pyrrolidinyl group renders

the increase of VOC nearly 0.3 V at 5-PDI (VOC = y0.6 V).

This is quite well matched with the variation of the valence

band of n-type semiconductor results in a change of the

open circuit voltage with a scaling factor of y1.1b However,

pyrrolidinyl groups interfere with the construction of the

ordered structure to become a better electron transporting

channel, also rendering the poor thermal stability to 5-PDI as

shown at the TGA data. One way to improve the electron

transporting ability of the perylene acceptors was the

introduction of more flat structure like PDI-BI and PDI-CN,

but these acceptor molecules have higher Tg than annealing

temperature (80 uC), hence the device efficiency could not be

improved by reorientation of donor–acceptor molecules

through annealing. The worst case is the PDI-CN: we only

could fabricate the device after filtering out insoluble PDI-CN

parts because of its poor solubility.

To design ideal perylene, thermally stable electron donating

substituent would be a prerequisite, because this electron

donating group will improve the VOC by increasing LUMO

level of perylene and possibly shifts the absorbing region to the

longer wavelength, but at the same time it should not restrict

the self-assembly of perylene in order to maintain the electron

transporting channel. The synthesized perylenes should also

have proper Tg values, because too high Tg value of perylene

molecules will restrict the reorientation of P3HT and perylene

itself during annealing.

Conculsions

Different structural electron acceptor perylene derivatives were

synthesized and characterized using UV–visible and photo-

luminescence (PL) spectroscopy, cyclic voltammetry, TGA,

and DSC. The synthesized perylene derivatives were used as

an electron acceptor molecule in the photovoltaic device

fabrication along with P3HT as a donor molecule. The device

fabricated using PDI-C9 has shown better PCE when

compared with other devices fabricated using other perylene

molecules. Further, the PCE has increased to two-fold when

the PDI-C9 device was annealed at 80 uC for 1 h. However, the

device with P3HT:5-PDI has absorbed the long wavelength

region of light (>750 nm) and also raised the VOC of the device.

Experimental

1H NMR spectra were recorded in CDCl3 on a Varian

Mercury 300, and chemical shifts were recorded in ppm.

The absorption and photoluminescence (PL) spectra were

measured using a Jasco V-570 UV–vis spectrometer and a

Hitachi F-4500 fluorescence spectrophotometer, respectively.

The PL quantum yields of PDIs in chloroform solution were

determined against 9,10-diphenylanthracene in ethanol as a

standard (WPL = 91%)14 and that of solid film state PDIs were

estimated by using a thin film of y1023 M 9,10-diphenyl-

anthracene in poly(methyl methacrylate) as a standard (WPL =

83%).15 Thermal analyses were carried out on a Mettler Toledo

TGA/SDTA 851e and DSC 822e analyzer under N2 atmo-

sphere at a heating rate of 10 uC min21.

Synthesis and preparation of materials

Regioregular P3HT purchased from Aldrich and the poly-

(ethylenedioxythiophene) doped with poly(styrenesulfonic

acid) (PEDOT:PSS, Baytron1 PH) purchased from Baytron

were used without further purification. 3,4,9,10-Perylene-

tetracarboxylic dianhydride was supplied by Phthalos

(South Korea). The PDI-C9,16 5-PDI11 and PDI-CN12

were synthesized and purified by literature methods.

PDI-BI can be synthesized with the following procedure from

Fig. 7 UV–visible absorption spectra of P3HT:PDIs blend films and

incident photon-to-current conversion efficiency (IPCE) spectra of

devices: (a) P3HT : PDI-C9 = 1 : 4 (device g at Table 4); (b) P3HT :

5-PDI = 1 : 1 (device j in Table 4). P3HT:PDIs blend films were spin-

coated on quartz from chloroform solution.
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N-(1-nonadecyl)-3,4,9,10-perylenetetracarboxylic acid 3,4-

anhydride-9,10-imide, which could be prepared from the

selective hydrolysis of PDI-C9.16

Synthesis of 2-(1-nonyldecyl)-benzimidazo[2,1-a]anthra[2,1,9-

def:6,5,10-d9e9f9]diisoquinoline-1,3,8(2H)-trione (PDI-BI)

N-(1-Nonadecyl)-3,4,9,10-perylenetetracarboxylic acid 3,4-

anhydride-9,10-imide (0.30 g, 0.455 mmol), 1,2-phenylenedi-

amine (0.054 g, 0.501 mmol) and imidazole (1.0 g) were

dissolved in 50 ml of pyridine and then refluxed for 20 h under

nitrogen atmosphere. The reaction mixture was cooled to

room temperature and the solvent removed on a rotary

evaporator. The resulting solid was chromatographed on silica

using 95% chloroform–5% methanol as the eluent to get the

product. The product was further purified by recrystallizing

twice from hexane–chloroform to yield pure PDI-BI (0.20 g,

60%). 1H NMR (CDCl3): d 8.10–8.45 (m, 8H), 7.82 (d, 1H),

7.38 (d, 1H), 7.05 (q, 2H), 5.18 (1H), 2.25 (2H), 1.92 (2H), 1.15

(28H), 0.91 (6H). HR-Mass (FAB+): 730.4011 (calcd. 730.4009

for (M + H)+).

Photovoltaic device fabrication

Films of different weight ratios of the P3HT and PDIs were

spin coated from o-dichlorobenzene solution onto indium tin

oxide (ITO) covered glass substrates that had been previously

coated with 100 nm of PEDOT:PSS. Then, LiF (1 nm) and Al

top electrode (200 nm) were deposited by means of thermal

evaporation in vacuo (base pressure , 2.0 6 1026 Torr) onto

the organic layer through a shadow mask. The pixel size as

defined by the overlap with ITO and Al back electrode was

4 mm2. Thermal treatment was performed at 80 uC for 1 h

under dry Ar atmosphere on a high precision hot stage. All

other device fabrication steps and all the measurements were

performed at ambient atmosphere. The current–voltage curve

of the photovoltaic device was measured under the illumina-

tion of a simulated solar light with 100 mW cm22 (AM1.5) by

an Orel 300W solar simulator. Electric data were taken using a

Keithley 236 source-measure unit. Current–voltage responses

were measured in the dark and under illumination. The

photocurrent action spectra were carried out by illuminating

the samples with a 300 W Xenon lamp, dispersed by

Dongwoo-optron (South Korea) DM151i single-grating

monochromator. Film thickness was measured using a KLA

Tencor Alpha-step IQ surface profilometer.

Cyclic voltammetry (CV) measurements

CV experiments were performed with a computer controlled

Bioanalytical Systems CV-50W voltametric analyzer. A Pt disk

(diameter = 2 mm) was used as a working electrode along with

a Pt wire as a counter, and Ag/AgNO3 was used as a reference

electrode. For the measurements, PDIs were dissolved in

freshly distilled dichloromethane containing 0.1 M tetrabutyl-

ammonium hexafluorophosphate (Bu4NPF6) as a supporting

electrolyte, while P3HT film was coated on platinum disk from

chlorobenzene solution before measuring in 0.1 M tetrabutyl-

ammonium tetrafluoroborate(Bu4NBF4) containing aceto-

nitrile. Bu4NPF6 and Bu4NBF4 were recrystallized twice

from ethanol and ethyl acetate respectively, then dried under

vacuum prior to use. Other chemicals and acetonitrile

(Aldrich, >99.8%, anhydrous, sealed under N2 gas) were used

as received.
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