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The rates of photoinduced charge separation (CS) and charge recombination (CR) of four rigidly

linked donor (D)–acceptor (A) dyads that were synthesized as intramolecular p/n junctions were

obtained by optical transient absorption spectroscopy in solutions and self-assembled films. The

CS processes were much more efficient than CR processes for all dyads in both solutions and

films, which is preferable for photovoltaic applications. The rates of CR processes in covalently

linked dyad films were slower than those in non-covalently linked D (i.e. oligothiophene (OTH))

and A (i.e. perylenediimide (PDI)) mixtures, demonstrating that the covalent linker may have

reduced the probability of geminate recombination of charges due to direct face-to-face packing

between D and A. Although both the CS and CR rates of the four dyads were similar with

respect to one another in solution, they differed from one another in films, with the slowest CR

rate observed in the dyad connected to a bulky alkyl group that hindered packing. After

annealing, the CR rates of all films increased non-uniformly, and the extent of increase was

correlated to structural changes as evidenced by the grazing-incident X-ray scattering (GIXS).

Introduction

Organic semiconducting materials are an attractive alternative

to silicon in solar cells because they exhibit encouraging

characteristics such as easier processing, lower cost, and greater

flexibility.1–4 Most current organic photovoltaic (OPV) cells

use bulk heterojunction (BHJ) composite materials such as

conducting polymer/C60,
5 polymer/polymer mixtures,6 and

polymer/inorganic hybrid nanomaterials.7–9 However, the

highest OPV power conversion efficiency (PCE) is currently

B5.5%,5,10,11 which is much lower than the efficiency

necessary for widespread viability. To achieve a higher PCE,

a photovoltaic material must be efficient in light harvesting,

charge carrier generation, and electron/hole transport. It must

also interface well with the electrodes for charge collection.3

A fundamental understanding of energy and charge carrier

generation/flow at the molecular level, and their correlation to

molecular structures, is crucial for rational exploration of new

materials for OPV applications.

One of the main obstacles to achieving high efficiency in the

current BHJ solar cells is low exciton dissociation efficiency,

which is due to shorter exciton diffusion lengths (B5–10 nm)

than D and A domain dimensions.12,13 When the D and A

domain dimensions are larger than the exciton diffusion

length, a significant fraction of photon-generated excitons

decay to the ground state before they can diffuse to a domain

boundary and undergo charge separation.14–16 This problem

has been observed in spin-coated, p-conjugated polymer/C60

composites.17,18 To remedy this problem, ‘‘molecular p–n

junctions’’ are constructed by covalently linking the

conjugated D and A blocks, which transforms the exciton

dissociation from an inefficient inter-domain process into an

efficient intra-molecular charge separation process. Several

examples of covalently linked oligomers (as D) and fullerenes

(as A)19–27 as well as pentaphenylenes and perylenediimide

based multi-chromophore D–A arrays28–30 have been reported

in the literature. We have previously demonstrated in a

covalently linked, p-conjugated D–A quartet molecule that

the CS rate (kCS) can be several orders of magnitude faster

than the CR rate (kCR) in solutions31 and films with different

D and A arrangements, such as a non-covalent random

mixture, a covalently linked quartet monomer, and its

polymer.32 These studies suggest that the covalent linkage

between D and A blocks and the extension of p-conjugation
facilitate charge carrier transport away from D–A interfaces,

resulting in a relatively long-lived CS state with potential

benefits to OPV operation. The challenge for this type of

molecular dyad in OPV applications is the charge carrier

diffusion away from where they are separated to minimize

the germination recombination, which will be achieved by

self-assembled dual p-stacked D and A continuous channels

resulting from the planar p-conjugated blocks investigated
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here. Such design will be verified by structural characterizations

using X-ray diffraction and correlated with device efficiency

studies in the future.

To guide synthetic efforts in diblock co-oligomers and

copolymers, we investigated photoinduced CS and CR

dynamics in a series of linearly connected oligothiophene–

perylenediimide (OTH–PDI) diblock arrays with a rigid

benzene linker. In this case, OTH and PDI are the D and A

blocks, respectively (Fig. 1). While a quartet D–A molecule

linked with flexible linkers from our previous study31 permits

several different conformations, the rigidly linked diblock

systems presented here have better defined D–A orientations

and distances. The end group attached to the terminal N atom

of the PDI block was varied in order to tune electronic and

geometric factors that may alter the molecular packing in

films, or affect the lifetime of CS state and charge carrier

transport. The kCS and kCR of these D–A arrays have been

correlated to structural changes from solutions to films,

especially those films after annealing. Our goal is to establish

the correlation between photoinduced charge separation/

recombination dynamics and molecular structures, which will

guide new material discovery for OPV applications. The study

presented here is the first step in correlating OPV properties

with molecular structures, while our ultimate goal is to use the

knowledge obtained here to rationally construct new OPV

materials with desirable hierarchic structures from molecules

to devices.

Experimental

Femtosecond transient absorption spectroscopy

Ultrafast transient absorption (TA) spectra and kinetics were

carried out by a home-built Ti:sapphire laser system with an

optical parametric amplifier (OPA) as described previously.31

Excitation laser pulses were derived from either the second

harmonic of the Ti:sapphire regenerative amplifier at

403–410 nm or the output of the OPA at 522–530 nm. White

light continuum probe pulses were generated by focusing a few

microjoules of the Ti:sapphire amplifier output onto a

sapphire disk. The resulting probe beam was split to produce

reference and measuring beams. The white light probe beam

and the 300 nJ (B100 nJ with OPA output) pump beam were

focused to a 0.3 mm diameter spot at the sample with a nearly

collinear geometry. The optical density of the sample was kept

below 0.4 at 410 nm, and the sample cuvette was 2 mm thick.

The pump and probe pulses were about 90 fs at fwhm

(full width at half-maximum), and the instrumental response

function was 180 fs at fwhm.

Stock solutions of the linear donor–acceptor dyads and

reference molecules were freshly made, and their integrity

was monitored by UV-Vis spectroscopy during laser experiments.

The solutions were purged with nitrogen gas through the

sample cuvette sealed by a septum during the experiments.

The films were spin-coated from a toluene solution at 2000 rpm.

All measurements were carried out at room temperature.

Steady-state absorption and fluorescence spectra

UV-Vis absorption spectra were obtained using a Shimadzu

UV-2401PC or UV-1609 spectrophotometer. The fluorescence

spectra were taken by a PTI Fluorescence Master Series fluoro-

meter or a Shimadzu RF-5301PC spectrofluorophotometer.

Electrochemistry

Cyclic voltammetry (CV) was performed on a CV-50W

Voltammetric Analyzer (Bioanalytical Systems Inc.) in a

conventional four-compartment cell in a solution of methylene

chloride (0.1 M Bu4NPF6 as supporting electrolyte) at a scan

rate of 100 mV s�1. A Pt wire was used as the working

electrode, another Pt wire was used as the counter electrode,

and a Ag/AgCl electrode was used as the reference electrode.

All oxidation and reduction potential values were calibrated

against the oxidation of ferrocene.

Grazing incidence X-ray scattering (GIXS) measurements

Grazing-incidence small-angle X-ray scattering (GISAXS) and

wide-angle X-ray scattering (GIWAXS) measurements were

performed using beamline 8ID of the Advanced Photon

Source (APS) at Argonne National Laboratory. Scattering

intensities are expressed as a function of the scattering vector,

q = (4p/l)sin y, where y is the half scattering angle and

l = 1.6868 Å is the wavelength of the incident radiation.

The d-spacing of a peak is 2p/q.
The samples were kept under vacuum during irradiation to

minimize the radiation damage of the films from the X-ray beam.

A two-dimensional area MAR detector was used to collect the

scattering image and was situated at 1942 and 280.9 mm from the

sample for GISAXS and GIWAXS measurements, respectively.

The photon energy of the X-ray beam was 7.35 keV. The films

were illuminated at an incidence angle of about 0.21 so that the

X-ray beam could penetrate the entire thickness of the film and

only a small portion of the glass substrate, minimizing the

background scattering from the substrate.

Results

UV-Vis absorption and emission spectra in solution

Fig. 2 shows UV-Vis spectra of 1–4 and the reference

compounds, PDI and OTH, in toluene. The spectra obtained

Fig. 1 Molecular structure of linear donor–acceptor block molecules

labeled as 1, 2, 3 and 4.
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in THF (not shown) are similar but exhibit a 5 nm shift due to

the increased polarity of the solvent. The broad peak around

422 nm for the molecules in toluene corresponds to the p–p*
transition of the OTH block, and the sharp peak features at

527, 490, 460 nm are characteristic (0,0), (0,1) and (0,2)

vibronic bands of the PDI block, respectively.31 The spectra

of 1–4 can be approximated by the superposition of OTH and

PDI constituents, suggesting no strong interactions between

the D and A blocks in the ground state. Intensity ratios of the

(0,0) and (0,1) vibronic bands from the PDI block in 1–4 are

approximately 1.6, similar to that of PDI alone in solution,

and therefore there is no indication of aggregate formation.33

The emission spectra of 1–4 obtained with 485 nm excitation

exhibit two characteristic peaks at 535 and 578 nm due to the

PDI emission (not shown). The fluorescence quantum yields in

1–4 with respect to theOTH emission were reduced by a factor

of 4100, providing evidence for charge transfer from the

OTH block to the PDI block.

Electrochemical properties in solution

The electrochemical properties of 1–4 and reference molecules

OTH and PDI were investigated by cyclic voltammetry (CV)

in methylene chloride with 0.1 M n-Bu4N
+PF6

�. The CV

curves of 1–4 exhibit three one-electron oxidation waves from

the OTH moiety and two one-electron reduction waves from

the PDI moiety (Table 1).

Photoinduced CS and CR dynamics in solution

The (0,0) transition energies obtained from fluorescence

measurements for OTH and PDI blocks are 2.33 and 2.30 eV,

respectively, both of which are significantly higher than the

energy of OTH+–PDI� at 1.30 eV (Fig. 3). Hence, the

electron transfer via both 1D*–A - D+–A� and D–1A* -

D+–A� can take place. Meanwhile, the emission spectra of the

dyads resemble that of A* (not shown). Therefore the

excitation of OTH unit at 403 nm will result in parallel

pathways:31 (1) energy transfer, 1D*–A - D–1A*, and

(2) electron transfer, 1D*–A - D+–A�.

The CS and CR dynamics of 1–4 were measured by optical

transient absorption (TA) spectroscopy with excitation wave-

lengths of 403 or 527 nm to preferentially excite OTH or PDI,

respectively. TA spectra of 1 (Fig. 4) also represent similar TA

spectra of 2–4 under the 403 nm excitation in toluene. The two

negative ground state bleaching (GB) features at 490 and

530 nm of the PDI block reach their negative maxima at

1 ps delay, followed by a continuous recovery thereafter. The

weak stimulated emission (SE) signal of PDI* at 578 nm

appears at 0.2 ps. The broad excited state absorption (EA)

of PDI* centered near 690 nm appears within 0.2 ps and

subsequently evolves into a sharp peak at 715 nm within 2 ps.

Similarly, this peak is also observed for 1 in THF at 710 nm

within 0.5 ps after excitation (Fig. 4(b)). This sharp peak is

indicative of the formation of PDI� due to the intramolecular

charge separation,31,34–36 and has been observed in the spectra of

PDI� radicals generated electrochemically37 and chemically.36

The differences between the sharp, strong absorption peak

of PDI
� at 710 nm and the broad, featureless absorption of

1
PDI* centered near 690 nm in solution have been characterized

in our previous study,31 as well as by others in literature.26,34,35

The initial TA growth and decay in the region of 550 to

750 nm are due to a superimposed absorption from three

sources, 1OTH*, 1PDI* and PDI�, generated through the CS

process. The absorption of the anion PDI� in those linear

D–A dyads is the dominate species because the excited states
1OTH* and 1PDI* are rapidly depleted due to the CS process.

This claim is supported by the 499% quenched fluorescence

spectra for these dyads. A small dip at 571–578 nm in the TA

spectra within 200 fs after the excitation is due to the

stimulated emission from a very small fraction of 1
PDI*

formed via the direct excitation of PDI by 403 nm light or

the energy transfer (Fig. 3). Because the absorption coefficient

of PDI is much lower than that of OTH at 403 nm, the latter

pathway is dominating. Therefore, the rise of the spectral

feature of PDI� near 710 nm, although it is convoluted with

OTH* and PDI* in the same spectral region, can be used to

monitor the lower limit of the CS rates.

Based on the above analysis, the rise and decay of the peak

near 710 nm are attributed to the absorption of PDI
�. These

signals are used to monitor the CS and CR dynamics in 1–4.

Furthermore, both the appearance of PDI
� and concurrent

disappearance of the negative SE feature at 578 nm strongly

suggest that CS occurs within 1–2 ps in toluene ando0.5 ps in

THF. Hereafter, all the CS and CR dynamics of the dyads in

the solution are monitored through the evolution of the PDI�

anion peak at 715 nm (toluene) or 710 nm (THF).

The dynamics at 710 nm for 1 in THF has a bi-exponential

rise with time constants of 180 fs and B2 ps, as well as

bi-exponential decay time constants of 14 ps and 63 ps. The

average decay time constant can be evaluated according to

tavg = A1t1 + A2t2, where t is the time constant and A is the

percentage of the corresponding time component. The decay

time constant is tav = 27 ps in THF, which is B17 times

shorter than that in toluene. The time constants for CS and

CR processes for 1–4 are listed in Table 2. The CS and CR

kinetic traces for 1–4 in toluene with 403 nm excitation are

similar, showing very little effect of the end groups on the CS

and CR kinetics (Fig. 5).

Fig. 2 UV-Vis spectra of the linear D–A dyads in toluene normalized

at the peak absorption at 527 nm.
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UV-Vis absorption spectra of films

Fig. 6(a) displays the spectrum of 1 spin-coated into a thin

film, along with those of 1 in toluene, and of a film spin-coated

from a 1 : 1 mixture of OTH and PDI moieties without the

covalent linkage. The 1, PDI and OTH thin film spectra are

red-shifted with respect to their solution counterparts. The red

shift is greater in the PDI film compared to 1. Although the

peaks are broadened, the vibronic structure is still visible in

these spectra. Fig. 6(b) compares the film spectra of 1 and a

non-covalently bound 1 : 1 OTH–PDI mixture, along with a

spectrum reconstructed from the sum of the respective absorp-

tion spectra of OTH and PDI films with 1 : 1 ratio. The (0,0)

and (0,1) vibronic bands of PDImoiety in the spectrum of 1 in

toluene at 491 and 527 nm were red-shifted to 499 and 537 nm,

respectively in the 1 film. Similar red-shifts have been reported

previously and can be explained by the Davydov splitting due

to dipole–dipole interactions among adjacent molecules in

an amorphous film.38 The exciton energy displacement

DE = |m|2(1 � 3cos2y)/r3, where r is the distance between

the two transition dipoles m, and y is the angle between the two

dipoles.39 A much smaller DE of 1418 cm�1 in the 1 film was

observed compared to that of 2135 cm�1 in the PDI film

[calculated from the (0,0) and (0,1) peaks at 493 and 551 nm,

respectively]. Smaller energy splitting indicates weaker inter-

molecular interactions in the 1 film, which is most likely due to

larger r and y values from higher disorder compared to the

neat PDI film. The enhancement of the (0,1) vibronic band

intensity with respect to the (0,0) vibronic intensity in the film

spectra suggests the formation of molecular aggregates in

these systems.21,33,40–46 Therefore, the intermolecular coupling

between PDI blocks in 1 is weaker due to a lower degree of

aggregation than in the reference films.

Comparing with the UV-spectrum of 1 in toluene, the

maximum peak position of 1 film shifted from (0,0) to (0,1).

The intensity ratio of (0,0) at 527 nm and (0,1) at 491 nm was

decreased from 1.6 in toluene to 0.58 on film, indicating

well-organized aggregates. A blue shift of the absorption

maximum is typical for the formation of face-to-face H-type

aggregates, as suggested in perylene bisimide based

molecules.33,44 The peak ratio of the film composed of a

Table 1 Half-wave potentials (vs. Fc/Fc+) in methylene chloride (with 0.1 M n-Bu4N
+PF6

�) at room temperature (CV scan rate, 100 mV s�1)

Oxidation potentials/V Reduction potentials/V

PDI
OTH PDI

Eox(1) Eox(1) Eox(2) Eox(3) Ered(1) Ered(2)

1 0.22 0.36 0.74 �1.08 �1.3
2 0.20 0.35 0.69 �1.06 �1.22
3 0.30 0.42 �0.98 �1.17
4 0.17 0.32 0.65 �1.08 �1.25
OTH 0.22 0.66 1.05
PDI 1.20 �1.16 �1.36

Fig. 3 Schematic energy diagram for photophysical processes in 1–4,

where CS represents charge separation; CR, charge recombination;

EnT, energy transfer; isc, intersystem crossing; ic, internal conversion;

and fl, fluorescence. aThe energy for OTH+–PDI� is calculated as

Eox(1) � Ered(1) (see Table 1) using 1 as an example.

Fig. 4 TA spectra of 1 in toluene (a) and THF (b) within the first

10 ps (3 ps for THF) after 403 nm light excitation. The insets of (a) and

(b) show the TA spectra at longer time delays.

1500 | New J. Chem., 2009, 33, 1497–1507 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
2 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 1
9 

M
ar

ch
 2

00
9 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
82

19
41

A

View Article Online

http://dx.doi.org/10.1039/b821941a


1 : 1 mixture of OTH and PDI (B0.8) is higher than that

calculated and for 1 in film. This suggests covalently linked

molecules exhibit a higher degree of aggregation than that of

non-covalently linked molecular film.

Photoinduced CS and CR kinetics of films

According to UV-Vis spectra, the linear diblock compounds

form a high degree of aggregates after spin-coating. At this

condition, exciton annihilation and multiphoton processes

may easily occur under higher pump power. To find the pump

power limit with negligible exciton–exciton annihilation, we

compared the electron transfer kinetics at four different pump

powers at 50, 100, 300 and 500 nJ. Within error, the traces

Table 2 Time constants for the charge separation and charge recombination of D–A molecules in toluene and THF excited at different pump
wavelengths. The probe wavelength was 710 nm. Af is the amplitude of a fast CS component that is shorter than the 180 fs instrument response
function of the TA system

Molecule Af,CS (%) A1,CS (%), t1,CS/ps A1,CR (%), t1,CR/ps A2,CR (%), t2,CR/ps tav,CR/ps

Toluene, 403 nm pump
1 100, 1.6 100, 457
2 100, 1.7 100, 356
3 100, 1.5 100, 345
4 100, 0.96 100, 387

Toluene, 527 nm pump
1 24 76, 1.4 14, 98 86, 486 432
2 17 83, 0.71 15, 81 85, 403 355
3 17 83, 1.2 25, 130 75, 387 323
4 24 76, 1.2 18, 100 82, 403 348

THF, 403 nm pump
1 39 61, 2.0 73, 14 27, 63 27.2
2 33 67, 1.6 71, 9.3 29, 44 19.4
3 36 64, 1.9 74, 10.5 26, 53 21.5
4 33 67, 2.0 71, 10.1 29, 47 20.8

THF, 522 nm pump
1 56 44, 2.2 76, 14 24, 66 26.5
2 54 46, 2.2 79, 9.4 21, 50 17.9
3 53 47, 2.0 80, 12 20, 67 23
4 53 47, 1.6 79, 13 21, 67 24.3

Fig. 5 CS and CR dynamics of 1–4 in toluene probed at the PDI�

absorption at 715 nm (excitation at 403 nm). The inset expands the

time scale to 2 ns.

Fig. 6 UV-Vis spectra of films at 298 K (a) 1 in film (black), OTH

film (red), PDI film (green), and 1 in toluene (blue). (b) Calculated

spectra from theOTH and PDI film spectra with 1 : 1OTH : PDI ratio

(green), measured spectra of 1 film (black) and the 1 : 1 mixture of

OTH and PDI film (red). The films were spin-coated at room

temperature without annealing.
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from 50 and 100 nJ pump power are identical but the CR

rates of 300 and 500 nJ increase with increasing pump

power. This indicates that at the pump power below

100 nJ, the exciton annihilation and multiphoton processes

appears to be negligible. The subsequent measurements were

thus carried out at exciton power level of 100 nJ to have

better signal.

Fig. 7(a) shows the TA spectra of PDI and 4 films at 0.5 ps

excited at 530 nm. The former has a broad absorption band

from 590 to 760 nm due to 1PDI* similar to the solution

samples,31 whereas the latter has a distinctive, narrower peak

centered at 730 nm due to the PDI� absorption, which has

been characterized in chemically reduced PDI films.36 Hence,

it is indicative of the generation of PDI� due to the PET in

o0.5 ps after the excitation and consistent with the observed

CS kinetics results (Table 3). Compared with the TA spectra of

PDI� in solution (Fig. 4), the distinctive PDI� absorption

feature in films is red-shifted by 15–20 nm due to strongly

interacting p–p stacked PDI molecules.36 Hereafter, we report

all the CS and CR dynamics for those dyads on films by

monitoring the evolution of PDI� peak at 725–735 nm.

Meanwhile, the steady-state fluorescence spectra of the films

indicated that 495% of their fluorescence is quenched

compared to neat OTH film as expected because the quenching

is due to the photoinduced intramolecular CS.

Fig. 7(b) compares the CS and CR kinetics in films of 1–4

and a non-covalently linked 1 : 1OTH–PDI composite probed

at the PDI� absorption of 725 nm after 403 nm excitation. The

CS time constants are similar but the CR time constants vary

and decrease in the order of 34 4E 24 14 1 : 1OTH–PDI,

which is distinctively different from the solution results, where

their time constants are virtually indistinguishable (Fig. 5 and

Table 2).

The drastically different dynamic behavior of these dyads in

solutions as isolated molecules and in films as aggregates

prompted us to investigate their correlation with molecular

packing structures in films of 1–4 by GISAXS and GIWAXS.

The pristine 1 film shows no diffraction peaks due to its

complete disorder in molecular packing (Fig. 10). In contrast,

the pristine 3 film has three in-plane diffraction peaks at

q = 0.26, 0.48 and 0.81 Å�1, as well as one out-of-plane peak

at q = 0.82 Å�1. The in-plane peaks are assigned to (100),

(200) and (300) diffractions of a lamellae structure.

It is interesting to note that a broad peak extended from

q = 1.2 Å�1 to our detection limit at q = 1.4 Å�1 (the inset of

Fig. 10(b)) on both pristine films. Although we do not have a

large enough q range to clearly show the whole peak, the trend

suggests possible p–p stacking in both films. Further GIXS

experiments in the q 4 1.4 Å�1 range are in progress for

determination of the precise d-spacing of the p–p stacking in

films. When comparing the kinetics of the pristine and

annealed films with the structural information stated above,

the CR kinetics in films are well correlated with the molecular

packing order in the films revealed by the GIXS results.

Despite of their similar CS rates, the more ordered 3 film

shows a slower CR rate than the disordered 1 film, suggesting

that the ordered packing enhances the charge carrier mobility

to assist electron and hole diffusion (Fig. 7(b)). The correlation

between the CR rate and the packing indicates the importance

of correct nanomorphology for the OPV device performance.

Direct measurements of charge carrier concentration at a

longer time after the excitation will be investigated in the

future.

Effect of annealing on the CS and CR kinetics of films

Enhanced photovoltaic efficiencies in polymer/PCBM solar

cells47–51 were observed after annealing and were attributed to

an increased charge mobility due to both improved

crystallinity in films and a better mixing of the polymers and

PCBM.12,52,53 In our study, the CS rate of 1 was not affected

by annealing while its CR rate was slowed down by annealing

(120 1C for 60 min) (Fig. 8).

Meanwhile, the effect of annealing on molecular packing

structures was shown by the GIXS patterns of the pristine and

annealed films of 1 (Fig. 9). The in-plane and out-of-plane

GIXS profiles are shown in Fig. 10. Although no diffraction

pattern was observed on the pristine film, a sharp in-plane

peak at q= 0.122 Å�1, and a small peak at 0.24 Å�1 appeared

after annealing at 125 1C. Simultaneously, out-of-plane peaks

appeared at 0.14, 0.28 and 0.41 Å�1, respectively. This

Fig. 7 (a) Comparison of TA spectra of the PDI and 4 films at 0.5 ps

with the excitation at 530 nm; (b) kinetic traces of 1–4 and 1 : 1

OTH–PDI in pristine films probed at 725 nm with 403 nm excitation.

These traces have been normalized atB1 ps for comparison. The inset

is an expanded view of the data at early delay times.
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diffraction pattern suggests a hexagonal packing structure

with a d-spacing of B5.2 nm, a dimension close to the full

length of 1.54 A schematic of the hexagonal packing structure

is shown in the inset of Fig. 9(b), which demonstrates the

increased crystallinity in 1 film after the thermal annealing.

Consequently, this more ordered structure will facilitate

photogenerated charge carrier diffusion away from the

charge separation site, and hence reduce geminate charge

recombination, which decreases solar cell efficiency.

Table 3 Time constants for the charge separation and charge recombination of D–A array filmsa

Films A1,CS (%), t1,CS/ps A1,CR (%), t1,CR/ps A2,CR (%), t2,CR/ps tav,CR/ps

1 100, 0.19 54, 14.4 46, 146 75
2 100, 0.19 47, 11.1 53, 197 110
3 100, 0.35 37, 17.7 63, 261 171
4 100, 0.24 53, 16.9 47, 196 101
1 : 1 OTH–PDI mixture 100, 0.40 50, 14.4 50, 109 62
1 annealed 100, 0.35 43, 10.6 57, 172 103

a Measured at room temperature with 403 nm excitation.

Fig. 9 GISAXS pattern measured at incident angle aI = 0.21 of

molecule 1 before (a) and after (b) annealing. The inset of panel b

shows the illustration of hexagonal structure. The qy and qz axes

correspond to the parallel and perpendicular scattering vectors,

respectively. The presence of the two elongated peaks, as well as the

enhanced peak at qz, shows the formation of hexagonal packing in the

annealed film. These peaks are roughly 601 with respect to the qz plane.

Please see the text for more details on these peaks.

Fig. 8 Comparison of dynamics of 1 in its pristine and annealed film.

Inset is an expanded view of early delay times.

Fig. 10 (a) In-plane and (b) out-of-plane GISAXS and GIWAXS

profiles of pristine 1 film, annealed 1 film, and pristine 3 film. The inset

of panel b depicts a larger q range. The X-ray energy was 7.35 keV.
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Discussion

Effect of solvent polarity on the PET dynamics

The rate and efficiency of photoinduced charge separation

are essential factors in photovoltaic applications and are

intimately related to the structural factors of D and A. Several

structural parameters, such as relative distances and

orientations between D and A, will affect the rate constant

of electron-transfer kET. Because the initial intramolecular

charge separation can be considered a non-adiabatic electron

transfer reaction, its rate constant kET can be described by the

Marcus equation for the electron transfer:55

kET ¼
2p
�h
H2

DAð4plkBTÞ
�1=2 exp �ðDGþ lÞ2

4lkBT

" #
ð1Þ

where HDA is the electronic coupling matrix between D

and A, DG is the free energy of the reaction, and the total

reorganization energy l is the sum of the intramolecular

reorganization energy (li) and the solvent reorganization

energy (ls). The solvent-independent inner term li arises from
the energy changes accompanying alteration in bond lengths

and bond angles during the ET process.31 The internal

organization energy was assumed to be li = 0.3 eV

according to the value reported on several thiophene–C60

and oligo(p-phenylenevinylene)–perylene diimide donor–

acceptor systems.20,22,27,56 This value may be the upper limit

of the actual internal reorganization energy due to the

delocalization of the OTH
+ cation on the longer

thiophene chain.

The solvent term ls arises from energy differences due

to the solvent molecule reorientation around the reactant

(i.e. D*–A or D–A* in the CS reaction) and the product

(i.e. D+–A� in the CS reaction). If the surrounding solvent

is treated as a dielectric continuum, ls can be expressed by:57

ls ¼
ðDeÞ2

4pe0

1

2aD
þ 1

2aA
� 1

rDA

� �
1

eop
� 1

es

� �
ð2Þ

where De is the charge transferred in the ET process; aD and aA
are the radii of D and A, respectively; rDA is the center-to-

center distance between D and A; e0 is the permittivity of

vacuum; and eop and es are the optical and static dielectric

constants, respectively. The values for toluene are eop = 2.23

and es = 2.38 while the values for THF are eop = 1.98 and

es = 7.51. The radius of PDI� anion, r�, was set to 4.7 Å, as

reported previously. If the side chain is excluded, the radius of

OTH+ cation can be calculated via the van der Waals volume

through r+ = (3 � 1024M/4prNA)
1/3.22 The density of the

oligothiophene without a side chain (r = 1.51 g cm�3) is

known to be independent of the length. This approach results

in r+ = 5.6 Å. The value of rDA = 15.3 Å is therefore

obtained by assuming localized charges at the center of OTH

and PDI with a benzene link between them. These values for

the radii result in ls values of 0.047 and 0.73 eV for toluene

and THF, respectively. Therefore, the total reorganization

energy l is 0.347 eV for toluene and 1.03 eV for THF.

Table 4 shows the Gibbs free energy and reorganization

values for all molecules studied in these experiments. The

Gibbs energy values were obtained using assumptions and

equations derived previously.28,53 These values show that the

CR driving force for all molecules was higher in toluene, which

correlates well with the slower recombination times. With

these values, it is shown that the activation barriers of CS in

both toluene and THF are small because the differences

between �DGCS and l are small. In such a condition, the CS

rate is controlled by the electronic coupling term, HDA,

(see eqn (1)) and the polarity of the solvent plays a less

important role. The electronic coupling is directly affected by

the overlap of D and A wavefunctions, which depends on the

nature of the spacer and the separation of D and A. Because

D and A in 1–4 are only separated by a single rigid benzene

bridge, rather strong electronic coupling between them is

expected. Consequently, the CS rates for these molecules

are similar in toluene and THF. In contrast, the charge

recombination lies in the ‘‘inverted’’ region (�DG 4 l). The
CR rate is expected to decrease with increasing driving force

DGCR. Therefore, the slower recombination rates for 1–4 in

toluene compared to THF can be explained by the higher

DGCR values for the toluene solutions.

Photoinduced CS and CR in films

The structure–efficiency correlation in conjugated polymer-

based devices has been recognized in recent years.51,58,59 The

field–effect mobility of poly(3-hexylthiophene) (P3HT) varies

by several orders of magnitude with the film morphology

controlled through side chains,58,59 solvents,49,52 annealing

temperatures,47,48,50 and molecular weights.60–64 For example,

Tu et al.59 found that the solar cell power conversion efficiency

decreased by a factor of 25 and the hole mobility dropped

almost four orders of magnitude when P3HT with 8%

3.30-bithiophene branches was used. The AFM results show

a neat lamellar structure for non-branched P3HT/PCBM film,

whereas the branched P3HT results in the formation of larger,

irregular aggregates. Babel and Jenekhe58 found that the hexyl

side chain had the best hole mobility (1 � 10�2 cm2 V�1 s�1)

while a drop of three orders of magnitude in the hole mobility

was observed for poly(3-dodecylthiophene). These results

revealed the importance of the molecular packing morphology

on the carrier mobility.

However, before we can ensure sufficiently high charge

carrier mobility in organic films for OPV applications, we

must make sure that the CR rates are sufficiently long for

separated charges to diffuse away from where they are

separated. At this stage of the study, we investigate the effect

of the varying the end group of the PDI moiety on the

molecular packing in 1–4 (Fig. 1) and its influence on the

photoinduced CS and CR dynamics. Although the CS and CR

rates for 1–4 are similar in solution, their corresponding

CR rates in pristine films deviate from each other, while their

CS rates remain similar. The average rate constant of the CR

processes for the pristine 3 film is 171 ps, which is 2.3 times

that of 1 film (75 ps). The CR rates of covalently linked D–A

dyads in films are slower than that of the non-covalently

linked D/A mixture film. The difference indicates that the

packing of the OTH donor and the PDI acceptor in the latter

film is relatively random. On one hand, it may undergo phase

separation, forming domains larger than the exciton diffusion

1504 | New J. Chem., 2009, 33, 1497–1507 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009
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length and slowing down the CS process. On the other hand, it

may form directly stacked D and A, promoting geminate

recombination. The similar CS rates and different CR rates

between the covalently linked and non-covalently linked D–A

in pristine films indicate that the latter scenario is more likely.

The accidental face-to-face D/A packing in the non-covalently

linked D/A film permits the observed CS rates, while the

geminate recombination of the charges is so fast that it

overwhelms the charge carrier diffusion, resulting in the fast

CR rate. In contrast, the covalently linked D and A arrays

decrease the accidental intermolecular face-to-face D/A

packing with structural constraints due to their larger sizes

than individual D or A blocks. Consequently, the CR rate due

to geminate recombination is reduced in the films from

covalently linked dyads. The lesson learned from our studies

is that the covalent linking D–A is a good strategy in

preventing geminate recombination in films. However, a better

intramolecular phase separation between D and A blocks

needs to be implemented in the future to promote

simultaneous intermolecular D–D and A–A stacking into

continuous channels for electron and hole diffusion after they

are separated in films. Future studies in this direction are in

progress.

Because 2, 3 and 4 have conjugated side groups, and 1 has a

long alkyl chain, (Fig. 1), 2, 3 and 4 have less steric hindrance

than 1 when they assemble in films. According to the GIXS

results, 3 and 2 (not shown) exhibit a lamellae structure and

have a higher degree of packing than 1 in films. As a result,

much slower CR rates for pristine films of 2, 3 and 4 than those

of 1 were observed due to the improved charge mobility along

the direction of packing to allow the charges to diffuse further.

A comparison of the CR rates before and after annealing of

the films also suggests the importance of stacking in extending

the lifetimes of charge separated species. Although the

annealing slows down the CR rates in all 1–4 films, its effect

is most significant for 1 film. This observation suggests the

following: (1) the bulky alkyl end group in 1 prohibits packing

in pristine films due to the steric hindrance exerted by such a

large group compared to other end groups in 2–4, and (2) the

annealing enables the large but flexible branched alkyl groups

to alter their configurations for an improved packing while it

has only small influence on the rigid end groups in 2–4.

The enhancement of charge separation state lifetimes is the

first step for generating abundant charge carriers in photovoltaic

devices. A longer-lived charge-separated species is a prerequisite

for charge carriers to diffuse away from where they form and

thus reduce wasteful charge recombination. We have shown in

this study that the efficiency of OPV can be improved by

attaching side groups, and by annealing, as well as by forming

bi-continuous channels with isolated donor–acceptor blocks.

Our current and future studies will combine charge carrier

kinetics measurements with structural studies to investigate the

structure/performance of these self-assembled potential OPV

materials consisting of D and A blocks systematically.

Summary

Initial photoinduced CS and CR dynamics of four linear D–A

dyads with a benzene linker and different end groups were

characterized using ultrafast transient spectroscopy in

solutions and films. All molecules have much faster CS rates

than CR rates in both polar THF and much less polar toluene.

The differences in rates are elucidated by the differences in the

reorganization energy l from the Marcus equation. Annealing

the films most significantly improves the packing for molecules

with bulky alkyl end groups, which results in a slower CR rate.

On molecules with smaller end groups, it has limited effect.

The results imply that better packing facilitates the charge

transport and reduces geminate recombination, which is a

process than can reduce solar cell efficiency. We have shown

that covalently linking D and A blocks is a good strategy for

implementing structural constraints to lower geminate

recombination in films by preventing accidental face-to-face

D/A packing. An improved intramolecular phase separation

between D and A blocks will be needed in future studies to

facilitate a better p–p stacking among D blocks and among A

blocks, respectively, for better charge carrier transport in

films, which is ultimately linked to the device performance.

Although the slow charge carrier transport dynamics will

determine the final performance of the films in an OPV device,

the initial CS and CR dynamics and their correlation with

molecular packing described will provide information on

rational design of the materials. A complete characterization

from initial CS to charge carrier transport in film is needed and

has been planned in future studies.
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Table 4 Gibbs free energy and reorganization values for 1–4

Molecules Solvent DGCS/eV DGCR/eV l/eV DGzCS/eV DGzCR/eV

1 Toluene �0.57 �1.76 0.347 3.6 � 10�2 1.44
THF �1.09 �1.36 1.03 8.7 � 10�4 2.6 � 10�2

2 Toluene �0.61 �1.72 0.347 5.0 � 10�2 1.36
THF �1.13 �1.32 1.03 2.4 � 10�3 2.0 � 10�2

3 Toluene �0.60 �1.70 0.347 4.6 � 10�2 1.32
THF �1.12 �1.33 1.03 2.4 � 10�3 2.2 � 10�2

4 Toluene �0.62 �1.71 0.347 5.4 � 10�2 1.34
THF �1.14 �1.19 1.03 2.9 � 10�3 6.2 � 10�3
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