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Chapter 5 

 
 
 
 
 
 
 

Ultrafast Charge Dynamics in Novel Star-Shaped 
Conjugated Molecules 

 
 
In this Chapter ultrafast charge dynamics in donor:acceptor blends based on novel 

star-shaped small molecules are investigated by ultrafast photoinduced absorption 

(PIA) spectroscopy. Three star-shaped donors that differ from each other by the 

length of the alkyl end group and by the length of conjugated chain are studied. 

The dependence of long-lived charge generation efficiency, and in particular the 

intra- and intermolecular recombination times, on the donor’s chemical structure 

are measured by ultrafast photoinduced absorption spectroscopy. It is shown that 

intermolecular recombination becomes dominant at high acceptor concentration, 

with the particular consentration for which this happens depending on the length 

of the donor’s alkyl end group. 
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5.1. Introduction 

Bulk heterojunction (BHJ) organic solar cells (OSC) based on solution-processable 

small molecules (SMs) donors have recently attracted a fair amount of attention 

attention as an alternative to the polymer-based OSCs.1-8 On one hand, SM-based 

OSCs combine advantages of polymer solar cells, i.e. flexibility, solution 

processability, ease of manufacturing, etc. On the other hand, they possess all 

benefits of small molecules like high purity, good batch-to-batch reproducibility, 

well defined molecular structure and molecular weight, and easy mass-scale 

production.9-14 Nowadays, there are two types of SMs which are mainly used as a 

donor in OSCs: linear and star-shaped. OSCs based on linear SMs have been 

studied more thoroughly, and recently achieved power conversion efficiency 

(PCE) as high as ~10%.15-17 OSCs based on star-shaped SMs have not yet shown 

such impressive results but nonetheless demonstrated a PCE of ~7%.6,18 The latter 

molecules have a number of attractive advantages over linear organic conjugated 

oligomers, like better solubility9,19 and film packing,20,21 which make them 

promising materials as OSCs donor.  

The star-shaped SMs studied here are push-pull type of molecules (see Chapter 

3), where triphenylamine (TPA) is used as a core donor unit, and three units of 

benzothiazole derivative6,9,14 or dicianovinyl (DCV)12,13,19,22,23 attached to it play the 

role of acceptors. A thiophene chain is used as a π-bridge, and alkyl end groups are 

attached in order to achieve high solubility in organic solvents. The resulting star-

shaped molecules demonstrate a broad absorption spectrum in the visible 

region.9,13,19,23 

One of the key processes occurring in the active layer of a typical BHJ OSC’s is 

charge generation and separation (Chapter 1). This process includes 

photoexcitation of the donor – which is a star-shaped SM in this case - with (charge 

transfer) exciton formation and its subsequent dissociation into charges.24 These 

processes take place on an ultrafast time scales (a few ns at the longest25), and their 

efficiency directly influences the PCE of the solar cell.26 Charge loss due to bi-

molecular and geminate recombination27,28 etc. could take place even at such short 

times26, leading to a reduced photocurrent, voltage and fill factor for the OSC, and 

hence a decrease of the PCE.29 Consequently, efficient generation of free charges 

and minimization of the above mentioned losses requires optimization of the 

active layer of the cell.  
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A number of factors, including the donor chemical structure as well as the 

acceptor concentration, affect the charge generation and recombination processes. 

Because of the relative novelty of SMs in photovoltaic application, the knowledge 

on the generation and recombination processes, as well as on the influence of the 

acceptor concentration and the donor chemical structure on these, is currently 

rather limited. The aim of this Chapter is therefore to establish a correlation 

between efficiency of charge generation/recombination processes and the donor 

chemical structure and the acceptor concentration. We investigated three different 

star-shaped SMs both in pure thin film form, as well as in film blends with 

[70]PCBM. The charge dynamics were studied by ultrafast polarization-sensitive 

visible-pump – IR-probe photoinduced absorption spectroscopy (PIA). 

Measurements were performed in a timespan of 100 picoseconds with time 

resolution of ~100 fs. The timescales of intramolecular recombination in films of 

pristine SMs as well as times of intermolecular recombination in films of 

SM:[70]PCBM blends were measured. Our results show that intermolecular 

recombination becomes dominant for high acceptor concentrations, and the 

threshold values of this concentration depend on the alkyl end groups length. 

5.2. Sample preparation and the experiment 

Figure 5.1 shows the chemical structure of the studied star-shaped molecules. The 

molecules were synthesized at the Institute of Synthetic Polymeric Materials of the 

Russian Academy of Science, Moscow, by the group of S.A. Ponomarenko. Details 

of chemical synthesis are described in Ref.18. The molecules differed from each 

other by the length of the alkyl end group and length of the conjugated chain and 

hence have different charge transfer properties. Molecules with two thiophene 

rings in their arms and two (2T-2) or six (2T-6) carbon atoms in the alkyl group, 

and a molecule with three thiophene rings and six carbon atoms (3T-6) have been 

studied.  
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Figure 5.1. Chemical structure of the studied star-shaped molecules. The arrows show 
schematically a possible intramolecular electron transfer from the donating cores to the 
accepting sides of the molecules. 

For the PIA experiments, thin films of neat SM donors as well as of 

donor:acceptor blends with different acceptor concentrations were made. For films 

preparation, each donor and acceptor were dissolved separately in 

dichlorobenzene at a concentration of 25 g/l. Solutions were stirred using a 

magnetic stirrer for at least 12 hours at 50°C. For blends, each donor solution was 

mixed with [70]PCBM at different volume ratios (1:0.2, 1:1, and 1:3). Mixed 

solutions were again stirred using a magnetic stirrer for at least 1 hour at 50°C. 

Films were spin-coated from solutions (1000 rpm, 2 min) on quartz microscope 

cover-glass substrates. For IR absorption measurements films were drop-casted on 

barium fluoride substrates which are fairlytransparency in far IR region (up to 10 

μm).  

Absorption spectra of the samples were recorded with a Perkin-Elmer 

Lambda 900 spectrophotometer.  

To study dynamics of photogenerated charges in the investigated materials 

we applied polarization sensitive PIA spectroscopy to monitor the time evolution 

of photoinduced charges with sub-100 fs time resolution. The principle of this 

technique, together with experimental details, has been described in Chapters 1 

and 2.  

e-

e-

e-

2T-6 2T-2 

3T-6 
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5.3. Results 

5.3.1. Linear absorption 

Absorption spectra of thin films of neat SMs are presented in Figure 5.2 (all spectra 

are normalized to their maximum). All films exhibit strong absorption in the 

visible region with two absorption peaks at ~400 nm and ~532 nm. The spectra of 

2T-based donors are almost identical, which means that the alkyl group length 

does not substantially affect the absorption of the film. The absorption spectrum of 

the 3T-6 film, however, differs from spectra of 2T-based donors most likely due to 

the different number of thiophene rings. 

The weak peak at ~390 nm in the 2T-2 and 2T-6 films is usually assigned to the 

π-π* excitation of the conjugated backbone.9,13,23 The corresponding peak for 3T-6 is 

red-shifted by 40 nm (to 430 nm) in comparison to the 2T-based donors because of 

the longer conjugated arm. It has been shown before that the strong peak at ~530 

nm has a charge transfer origin.9,13,23 For subsequent experiments, the wavelength 

of the excitation pulse was chosen close to the peak absorption at 560 nm. 

 

Figure 5.2. Normalized absorption spectra of the neat donor compounds (in films). 

Figure 5.3 shows absorption spectra for all investigated blends. As expected, 
the optical density of the absorption peak of the films varies for different donors. It 
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is related to the film thickness, which depends on the solubility and chemical 
structure of donor. 

 
Figure 5.3. Absorption spectra for blends of different concentration of donor:[70]PCBM 
blends. 

It is well known (see Chapter 2) that in some donor:acceptor mixtures the so-

called intermolecular ground-state charge transfer complex (CTC) is formed 

because of donor and acceptor interaction in the ground state.30-32 Formation of the 

CTC leads to enhanced absorption in the red-shifted spectral region where both 

donor and acceptor are transparent.33 To recognize the influence of the possible 

CTC formation with the acceptor on the optical properties of the samples a 

decomposition of the absorption spectra for 2T-2:[70]PCBM blends was performed 

(Fig. 5.4) in the following way: the absorption spectrum of the blends was 

calculated as a linear combination of absorption spectra of the two constituencies 

(i.e. SM donor and [70]PCBM acceptor); the relative contribution of the two 

decomposition components are depicted in Fig. 5.4 for each particular 

concentration. Note that there is a small but persistent red shift of absorption in the 

blends as compared to absorption of direct sum of the components which is 

indicative of the interfacial CTC. However, the effect is very minute; therefore 

donor-acceptor ground state CTC formation can be neglected. 
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Figure 5.4. Decompositions of absorption spectra for 2T-2:[70]PCBM blends. The 

measured spectra (black squares) are depicted together with composed of the donor and 

acceptor weighted sum. Shares of the decomposition coefficients are shown next to the 

corresponding apectrum.  

Figure 5.5 shows the contributions of the star-shaped donor and the acceptor 

to the overall blend absorption at 560 nm. The acceptor share grows linearly with 

increasing of the [70]PCBM concentration and both contributions become more or 

less equal at high fullerene load.  

 Figure 5.5. Donor and acceptor contributions to the overall blend absorption at the 

excitation wavelength of 560 nm. 

5.3.2. Polaron and IR absorption 

Polaron and IR absorption spectra of thin films of neat 3T-6 and a blend of 3T-

6:[70]PCBM (1:1) are shown in Figure 5.6. As follows from FT-IR spectra for the 

films of neat 3T-6 and 3T-6:[70]PCBM blend (blue curves in Fig. 5.6a and Fig. 5.6b, 
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correspondingly), IR absorption is quite similar for the neat donor and the blend, 

except of a small peak at ~5.8 μm, which appears in the blend. This feature most 

probably originates from the carbonyl (C=O) stretch mode of the [70]PCBM 

molecule.34  

The photoinduced spectrum of the neat film shows more structure: for 

instance, the peak at 7 μm that is caused by donor absorption (which contribution 

reduces in the blend). This is caused most probably by the IR active vibrational 

modes.  

A similar feature for all spectra is a broad plateau which starts at ~4 μm and 

continues to the high-frequency side for both 3 ps and 100 ps delays. Since 

unexcited samples do not absorb at 3 μm, this plateau is assigned to photoinduced 

polaron absorption.  

The decrease of the signal amplitude at long delays (Fig. 5.6, red curve) is 

assigned to charge recombination. Note that signal decays much faster for the neat 

donor in comparison to the blend. It is assigned to formation of separated charges 

in the blend as, after adding [70]PCBM, the photogenerated electrons migrate to it 

and hence escape the intramolecular recombination that occurs in the neat donor.  

For the further experiments, the wavelength of the probe pulse was set at 3 

μm (in the region of sample IR transparency) where the polaron response provides 

the cleanest signal. 

 
 Figure 5.6. Photo induced polaron (black and red symbols) spectra for thin films of 3T-6 (a) 

and 1:1 3T-6:[70]PCBM blend (b). The photo induced polaron spectra were obtained at 

delays of 3 ps (black symbols) and 100 ps (red symbols) after excitation with 530 nm. The 

blue lines show the normal IR absorption spectra of the films, please note that IR spectrum 

for thin film of 3T-6 (a) has been scaled by factor of 3 for the sake of convinience. 

a) b) 

x3 



Charge Dynamics in Novel Star-Shaped Conjugated Molecules  

 99 

5.3.3. Photoinduced absorption dynamics 

Figure 5.7 shows the PIA transients for the blends of the star-shaped molecules 

with [70]PCBM. All transients are normalized to their maximum values. As the 

PIA amplitude is considered proportional to the concentration of separated 

charges, PIA decay is ascribed to their recombination. The experimental data were 

fitted by a bi-exponential function: 

)/exp( 110 tAATIso D  (1) 

convoluted with a Gaussian apparatus function (standard deviation σ=50 fs). Here, 

A1 and τ1 stand for amplitudes and times, respectively, of the exponential function, 

while A0 stands for the offset. The fit parameters for transients measured in the 

neat films and blends are given in Table 5.1. 

Table 5.1. Fit parameters of the isotropic PIAtransients for the neat and blend films 
studied here. 

Donor Blend composition A0, abs. shares % A1, % τ1, ps 

2T-2 

neat 0.4 0.6 13±2 

1:0.2 0.67 0.33 13±5 

1:1 0.69 0.31 22±4 

1:3 0.6 0.4 24±5 

2T-6 

neat 0.33 0.67 12±1 

1:0.2 0.56 0.44 11±3 

1:1 0.64 0.36 11±3 

1:3 0.57 0.43 24±5 

3T-6 

neat 0.38 0.62 8±1 

1:0.2 0.65 0.35 8±1 

1:1 0.7 0.3 11±2 

1:3 0.71 0.29 20±2 
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From presented dynamics one can see that the amplitude of the signal at 100 ps 

increases with increasing of [70]PCBM concentration. Furthermore, we can see the 

increase of the recombination time and to the decrease of the recombination 

efficiency (i.e. increase of the contribution of A0 in Eq. (1)). This fact suggests the 

appearance of long-lived separated charges.  

 
Figure 5.7. PIA isotropic transients for the films of blends of the star-shaped molecules 

(different molecules from left to right) with [70]PCBM (different concentrations from top to 

the bottom). Transients are normalized to their maximum values. 

Figure 5.8 shows the dependence of the recombination time τ1 on acceptor 

concentration for all investigated blends. As it follows from the diagram, there are 

two different timescales of recombination: ~10 ps and ~20 ps. As the increase of 

recombination time occurs only in blends with relatively high acceptor 

concentration (at least 50%), one can conclude that longer timescale corresponds to 

intermolecular recombination of separated charges (i.e. between the star-shaped 

molecule and acceptor). Intermolecular recombination becomes dominant at 50% 

of [70]PCBM in the case of 2 carbon atoms in the alkyl chain and 75% in the case of 

6 carbon atoms. This might indicate different packing of the star-shaped molecules 

in the blend. Indeed during the intermolecular recombination the charges are 

separated not within a single star-shaped molecule, but onto neighboring 

molecules, hence efficient intermolecular recombination requires dence packing, 

which can be provided by better packed 2T-2 with shorter alkyl chains.  
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Figure 5.8. Recombination time dependence vs. [70]PCBM concentration for all star-

shaped donors. 

The survival probability of charges (i.e. the ratio of long-lived charges to 

maximum generated charges) was calculated from the dynamics for all blends 

using following expression: 

%*
 ps)N(

 ps)N(
yprobabilitSurvival 100

5.0

100
   (2) 

where N(t) is polaron concentration (proportional to -ΔT/T) at delay t. The survival 

probability dependence on acceptor concentration is depicted in Figure 5.9. As 

follows from Fig. 5.9, the survival probability is quite similar for all investigated 

donors. It increases rapidly with the increase of acceptor concentration to its 

maximum at 50% of [70]PCBM, and saturates (for 3T-6) or eventually decreases 

(for 2T-2 and 2T-6). As a consequence, in terms of charge separation the optimal 

concentration of acceptor is about 50%. In this case, the survival probability of 

charges reaches ~70%. 
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Figure 5.9. Dependence of charges survival probability vs. [70]PCBM concentration in the 

studied mixture. 

From the analysis of recombination time and survival probability 

dependences, some conclusions about generation and recombination processes of 

long-lived charges can be made. In the case of neat donors, the intramolecular (or 

intermolecular between neighboring star-shaped molecules) generation-

recombination processes with a characteristic time of recombination of ~10 ps take 

place in the films. After adding the [70]PCBM acceptor, intermolecular charge 

separation (i.e. electron transfer from the star-shaped to the accepting molecule) 

with appearance of long-lived charges becomes possible, which leads to the 

increased survival probability. However, in case of low [70]PCBM concentration, 

charges still recombine intramolecularly, at least, in part. After further increase of 

acceptor concentration, most of photoexcited charges separate on the donor and 

acceptor interface and intermolecular recombination with longer times becomes 

dominant. As it follows from Fig. 5.9, intermolecular recombination becomes 

dominant at 50% of [70]PCBM content for 2T-2 with 2 carbon atoms in alkyl group 

and at 75% for donors with 6 carbon atoms which may be related to the smaller 

size of the 2T-2 donor and its better packing. Within the star-shaped core, the 

electron is delocalized only over the conjugated backbone, and intermolecular 

charge transfer is possible only in the case of sufficient π-orbital overlap between 

the donor and [70]PCBM molecules. Longer alkyl group could hinder the 
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proximity of the conjugated backbone to the acceptor which leads to weakening of 

their interaction and, as a consequence, to decrease of intermolecular generation-

recombination processes efficiency. 

5.3.4. Photoinduced anisotropy dynamics 

Together with the isotropic PIA transients, anisotropy transients were measured. 

As it was discussed in Chapter 1, anisotropy experiments provide information 

about the dynamics of the orientation of the induced dipole moments (which 

appear when the pairs of bounded charges – excitons – are created). This 

information is useful i.e. for distinguishing between localized/delocalized 

polarons (see Chapter 4).  

Figure 5.10 shows the transient anisotropy decays for films of all the studied 

materials.  

 
Figure 5.10. Anisotropy decays for the films of blends of the star-shaped molecules 

(different molecules from left to right) with [70]PCBM (different concentrations from top 

to the bottom). 
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As one can see, the anisotropy dynamics are almost identical for different donors 

and virtually independent on the acceptor concentration. Anisotropy for all blends 

decays from its initial values of about 0.2 to zero within ~1 ps. 

Since the anisotropy dynamics do not depend on acceptor concentration or 

molecular structure, one can conclude that anisotropy decays because of an 

intramolecular process. A possible mechanism of such fast anisotropy decay can be 

proposed based on theoretical calculations.23 Star-shaped molecules have a double 

degenerate excited state due to symmetry: each of degenerate LUMO levels differs 

only by its electron density distribution (Figure 5.1).23 Therefore, because of 

degeneracy, the molecule excited in one of the eigenstates (e.g. LUMO) is mixed 

with another (e.g. LUMO+1) eigenstate. This leads to effective depolarization, 

because each of the molecules involved has its own initial polarization direction 

before mixing and disappearance of the correlation between the induced and final 

transition dipole moments. Hence, the anisotropy in the studied materials decays 

because of intramolecular processes of mixing of the degenerated excited states, 

and therefore contains no information on polaron dynamics. 

 

Figure 5.1. DFT-calculated orbitals of ground and first excited states for 2T-based donor. 

Adapted from Ref. 21. 
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5.4. Conclusions 

Using the time-resolved pump-probe technique, charge dynamics in films of 

donor:acceptor blends based of three novel star-shaped SMs as donors and 

[70]PCBM as an acceptor have been studied. The molecules differ from each other 

by the length of the alkyl end group (2 or 6 carbon atoms) and by the length of 

conjugated chain (2 or 3 thiophene rings). 

Charge dynamics have been found virtually independent on the chemical 

structure of the star-shaped donor for neat materials. The intramolecular 

recombination time is slightly faster for the donor with 3 thiophene rings in 

conjugated arm (8 ps vs. 11 ps). For high [70]PCBM concentrations, intermolecular 

(i.e. between the star-shaped molecule and the acceptor) recombination at a 

timescale of 20 ps becomes dominant. The concentration for which this happens 

depends on the donor chemical structure and is equal to 50% of [70]PCBM content 

in the case of 2 carbon atoms in the alkyl group and 75% in the case of 6 atoms in 

the same group, which is probably related to differences in film packing. 

The charge survival probability has been obtained from the transient 

dynamics for all blends. Based on their behavior, the optimal concentration (in 

terms of charge separation) of acceptor in the blends was revealed. The optimal 

acceptor concentration turned out to be equal of 50% for all types of star-shaped 

donors.  

Summarizing, the star-shaped SMs provide efficient long-lived charge 

separation in the blends with [70]PCBM, which makes them perspective materials 

as donor in OSCs. Our data show that further optimization of the molecular 

structures and blend morphology might be able to improve current PCE of ~5%, 

which was already achieved using 2T-2:[70]PCBM blend.18 However, further 

investigations of these materials and optimization of blends and manufacturing 

conditions are still required to improve the devices efficiency. 

5.5. References 

1. Walker, B.; Kim, C.; Nguyen, T. Q., Small Molecule Solution-Processed 

Bulk Heterojunction Solar Cells. Chemistry of Materials 2011, 23, 470-482. 

2. Sharma, G. D.; Mikroyannidis, J. A.; Sharma, S. S.; Roy, M. S.; Thomas, K. 

R. J., Efficient Bulk Heterojunction Photovoltaic Devices Based on 



Chapter 5  

 106 

Diketopyrrolopyrrole Containing Small Molecule as Donor and Modified Pcbm 

Derivatives as Electron Acceptors. Organic Electronics 2012, 13, 652-666. 

3. Seulgi, S.; Hyunbong, C.; Haye Min, K.; Chulwoo, K.; Sanghyun, P.; Cho, 

N.; Kihyung, S.; Jae Kwan, L.; Jaejung, K., Novel Unsymmetrical Push-Pull 

Squaraine Chromophores for Solution Processed Small Molecule Bulk 

Heterojunction Solar Cells. Solar Energy Materials and Solar Cells 2012, 98, 224-32. 

4. Li, Z.; He, G. R.; Wan, X. J.; Liu, Y. S.; Zhou, J. Y.; Long, G. K.; Zuo, Y.; 

Zhang, M. T.; Chen, Y. S., Solution Processable Rhodanine-Based Small Molecule 

Organic Photovoltaic Cells with a Power Conversion Efficiency of 6.1%. Advanced 

Energy Materials 2012, 2, 74-77. 

5. Kim, J.; Cho, N.; Min Ko, H.; Kim, C.; Kwan Lee, J.; Ko, J., Push-Pull 

Organic Semiconductors Comprising of Bis-Dimethylfluorenyl Amino 

Benzo[B]Thiophene Donor and Various Acceptors for Solution Processed Small 

Molecule Organic Solar Cells. Solar Energy Materials and Solar Cells 2012, 102, 159-

166. 

6. Shang, H. X.; Fan, H. J.; Liu, Y.; Hu, W. P.; Li, Y. F.; Zhan, X. W., A 

Solution-Processable Star-Shaped Molecule for High-Performance Organic Solar 

Cells. Advanced Materials 2011, 23, 1554-1557. 

7. Yin, B.; Yang, L. Y.; Liu, Y. S.; Chen, Y. S.; Qi, Q. J.; Zhang, F. L.; Yin, S. G., 

Solution-Processed Bulk Heterojunction Organic Solar Cells Based on an 

Oligothiophene Derivative. Applied Physics Letters 2010, 97, 023303-3. 

8. Tamayo, A. B.; Walker, B.; Nguyen, T. Q., A Low Band Gap, Solution 

Processable Oligothiophene with a Diketopyrrolopyrrole Core for Use in Organic 

Solar Cells. The Journal of Physical Chemistry C 2008, 112, 11545-11551. 

9. Zhang, J.; Yu, J.; He, C.; Deng, D.; Zhang, Z.-G.; Zhang, M.; Li, Z.; Li, Y., 

Solution-Processable Star-Shaped Photovoltaic Organic Molecules Based on 

Triphenylamine and Benzothiadiazole with Longer Pi-Bridge. Organic Electronics 

2012, 13, 166-172. 

10. Lin, Y. Z.; Cheng, P.; Li, Y. F.; Zhan, X. W., A 3d Star-Shaped Non-

Fullerene Acceptor for Solution-Processed Organic Solar Cells with a High Open-

Circuit Voltage of 1.18 V. Chemical Communications 2012, 48, 4773-4775. 

11. Lin, Y.; Zhang, Z.-G.; Bai, H.; Li, Y.; Zhan, X., A Star-Shaped 

Oligothiophene End-Capped with Alkyl Cyanoacetate Groups for Solution-

Processed Organic Solar Cells. Chemical Communications 2012, 48, 9655-9657. 



Charge Dynamics in Novel Star-Shaped Conjugated Molecules  

 107 

12. Zhang, J.; Deng, D.; He, C.; He, Y.; Zhang, M.; Zhang, Z.-G.; Zhang, Z.; Li, 

Y., Solution-Processable Star-Shaped Molecules with Triphenylamine Core and 

Dicyanovinyl Endgroups for Organic Solar Cells. Chemistry of Materials 2011, 23, 

817-822. 

13. Dan, D.; Suling, S.; Jing, Z.; Chang, H.; Zhanjun, Z.; Yongfang, L., Solution-

Processable Star-Shaped Photovoltaic Organic Molecule with Triphenylamine Core 

and Thieno[3,2-B]Thiophene–Dicyanovinyl Arms. Organic Electronics 2012, 13, 

2546–2552. 

14. Lin, Z. H.; Bjorgaard, J.; Yavuz, A. G.; Kose, M. E., Low Band Gap Star-

Shaped Molecules Based on Benzothia(Oxa)Diazole for Organic Photovoltaics. The 

Journal of Physical Chemistry C 2011, 115, 15097-15108. 

15. Sun, Y.; Welch, G. C.; Leong, W. L.; Takacs, C. J.; Bazan, G. C.; Heeger, A. 

J., Solution-Processed Small-Molecule Solar Cells with 6.7% Efficiency. Nature 

Materials 2012, 11, 44-48. 

16. van der Poll, T. S.; Love, J. A.; Nguyen, T. Q.; Bazan, G. C., Non-Basic 

High-Performance Molecules for Solution-Processed Organic Solar Cells. Advanced 

Materials 2012, 24, 3646-3649. 

17. Liu, Y.; Chen, C. C.; Hong, Z.; Gao, J.; Yang, Y. M.; Zhou, H.; Dou, L.; Li, 

G.; Yang, Y., Solution-Processed Small-Molecule Solar Cells: Breaking the 10% 

Power Conversion Efficiency. Scientific reports 2013, 3, 3356. 

18. Min, J., et al., Alkyl Chain Engineering of Solution-Processable Star-

Shaped Molecules for High-Performance Organic Solar Cells. Advanced Energy 

Materials 2014, 4, 1301234. 

19. Min, J.; Ameri, T.; Elschner, A.; Luponosov, Y.; Peregudova, S.; Baran, D.; 

Heumuller, T.; Li, N.; Ponomarenko, S.; Brabec, C. J., A Solution-Processable Star-

Shaped Molecule for High-Performance Organic Solar Cells Via Alkyl Chain 

Engineering and Solvent Additive Organic Electronics 2013, 14, 219–229. 

20. Luo, J.; Zhao, B.; On Chan, H. S.; Chi, C., Synthesis, Physical Properties 

and Self-Assembly of Star-Shaped Oligothiophenes-Substituted and Fused 

Triphenylenes. Journal of Materials Chemistry 2010, 20, 1932-1941. 

21. Kim, K. H.; Chi, Z.; Cho, M. J.; Jin, J.-I.; Cho, M. Y.; Kim, S. J.; Joo, J.-s.; 

Choi, D. H., Soluble Star-Shaped Molecules Based on Thiophene Derivatives as 

Organic Semiconductors for Field-Effect Transistor Applications. Chemistry of 

Materials 2007, 19, 4925-4932. 



Chapter 5  

 108 

22. Cravino, A.; Roquet, S.; Leriche, P.; Aleveque, O.; Frere, P.; Roncali, J., A 

Star-Shaped Triphenylamine Pi-Conjugated System with Internal Charge-Transfer 

as Donor Material for Hetero-Junction Solar Cells. Chemical Communications 2006, 

1416-1418. 

23. Ripaud, E.; Olivier, Y.; Leriche, P.; Cornil, J.; Roncali, J., Polarizability and 

Internal Charge Transfer in Thiophene-Triphenylamine Hybrid Pi-Conjugated 

Systems. The Journal of Physical Chemistry B 2011, 115, 9379-9386. 

24. Gunes, S.; Neugebauer, H.; Sariciftci, N. S., Conjugated Polymer-Based 

Organic Solar Cells. Chemical Reviews 2007, 107, 1324-1338. 

25. Tsu-Hsien, K.; Ju-Hung, H.; Heh-Nan, L.; Hsin-Fei, M.; Ming-Chih, C.; 

Show-An, C., Study of Charge Transport in Conducting Polymer between 

Electrodes with Nanogaps. Nanotechnology 2006, 17, 2279. 

26. Cowan, S. R.; Banerji, N.; Leong, W. L.; Heeger, A. J., Charge Formation, 

Recombination, and Sweep-out Dynamics in Organic Solar Cells. Advanced 

Functional Materials 2012, 22, 1116-1128. 

27. Groves, C., Suppression of Geminate Charge Recombination in Organic 

Photovoltaic Devices with a Cascaded Energy Heterojunction. Energy & 

Environmental Science 2013, 6, 1546-1551. 

28. Keivanidis, P. E.; Kamm, V.; Zhang, W.; Floudas, G.; Laquai, F.; 

McCulloch, I.; Bradley, D. D. C.; Nelson, J., Correlating Emissive Non-Geminate 

Charge Recombination with Photocurrent Generation Efficiency in 

Polymer/Perylene Diimide Organic Photovoltaic Blend Films. Advanced Functional 

Materials 2012, 22, 2318-2326. 

29. Veldman, D.; Meskers, S. C. J.; Janssen, R. A. J., The Energy of Charge-

Transfer States in Electron Donor-Acceptor Blends: Insight into the Energy Losses 

in Organic Solar Cells. Advanced Functional Materials 2009, 19, 1939-1948. 

30. Bakulin, A. A.; Elizarov, S. G.; Khodarev, A. N.; Martyanov, D. S.; 

Golovnin, I. V.; Paraschuk, D. Y.; Triebel, M. M.; Tolstov, I. V.; Frankevich, E. L.; 

Arnautov, S. A.; Nechlodova, E. M., Weak Charge-Transfer Complexes Based on 

Conjugated Polymers for Plastic Solar Cells. Synthetic Metals 2004, 147, 221-225. 

31. Goris, L.; Poruba, A.; Hod'akova, L.; Vanecek, M.; Haenen, K.; Nesladek, 

M.; Wagner, P.; Vanderzande, D.; De Schepper, L.; Manca, J. V., Observation of the 

Subgap Optical Absorption in Polymer-Fullerene Blend Solar Cells. Applied Physics 

Letters 2006, 88. 



Charge Dynamics in Novel Star-Shaped Conjugated Molecules  

 109 

32. Benson-Smith, J. J.; Goris, L.; Vandewal, K.; Haenen, K.; Manca, J. V.; 

Vanderzande, D.; Bradley, D. D. C.; Nelson, J., Formation of a Ground-State 

Charge-Transfer Complex in Polyfluorene/ 6,6 -Phenyl-C-61 Butyric Acid Methyl 

Ester (PCBM) Blend Films and Its Role in the Function of Polymer/PCBM Solar 

Cells. Advanced Functional Materials 2007, 17, 451-457. 

33. Zapunidy, S. A.; Martyanov, D. S.; Nechvolodova, E. M.; Tsikalova, M. V.; 

Novikov, Y. N.; Paraschuk, D. Y., Approaches to Low-Bandgap Polymer Solar 

Cells: Using Polymer Charge-Transfer Complexes and Fullerene 

Metallocomplexes. Pure and Applied Chemistry 2008, 80, 2151-2161. 

34. Barbour, L. W.; Maureen, H.; Asbury, J. B., Watching Electrons Move in 

Real Time:  Ultrafast Infrared Spectroscopy of a Polymer Blend Photovoltaic 

Material. Journal of the American Chemical Society 2007, 129, 15884–15894. 

  



Chapter 5  

 110 

 


