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Chapter 2 
 
 
 
 
 
 
 

Charge Transfer Dynamics in Donor-Acceptor 
Complexes between a Conjugated Polymer and 

Fluorene Acceptors 
 

 

This chapter is devoted to ground and excited state charge transfer in charge 

transfer complexes in films formed from a semiconducting polymer, MEH-PPV 

(poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene]) blended with a 

variety of fluorene electron acceptors. The electron affinity (EA) of the fluorene 

acceptors is systematically varied over ~1.5 eV by attachment of various electron 

withdrawing groups to the fluorene core. Steady-state absorption and Raman 

spectroscopies are used to investigate the formation of the ground state charge 

transfer complexes. The charge transfer dynamics are studied using an ultrafast 

visible-pump – IR-probe photoinduced absorption experiments. We demonstrate 

that the acceptor EA is the key – but not the only – parameter that governs charge 

recombination rates which scale exponentially with the EA. From the time-

resolved data we deduced a model that describes the blend morphology for 

acceptors with low and high EAs. The results presented herein have a clear 

implication for organic photovoltaics as increasing the acceptor EA increases the 

driving forces for efficient exciton dissociation but inevitably increases the rate of 

charge recombination. 

 

 
The current chapter is based on the following publication:  

Pavelyev, V. G.; Parashchuk, O. D.; Krompiec, M.; Orekhova, T. V.; Perepichka, I. F.; van Loosdrecht, P. 

H. M.; Paraschuk, D. Y.; Pshenichnikov, M. S., Charge Transfer Dynamics in Donor–Acceptor 

Complexes between a Conjugated Polymer and Fluorene Acceptors. The Journal of Physical Chemistry C 

2014, 118, 30291-30301.  
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2.1. Introduction 

The electronic ground state of a molecular charge transfer complex (CTC) is 

formed by the transfer of a fraction of the electron charge between the non-

covalently bound molecular entities, the donor and the acceptor. CTCs and the 

very process of electron transfer (ET) lay at the heart of many photoinduced 

processes in physics, chemistry, and biology.  According to the Mulliken model,1,2 

the amount of the donor to acceptor charge transfer in the CTC ground state is 

mainly controlled by the difference between the donor ionization potential and the 

acceptor EA or in first approximation by the energy difference between the 

acceptor lowest unoccupied molecular orbital (LUMO) and the donor highest 

occupied molecular orbital (HOMO), also known as the effective HOMO-LUMO 

gap.3  

In recent years, a novel kind of Mulliken-type CTCs involving conjugated 

polymers as donors has been identified in a variety of polymer-acceptor blends.4-8 

А number of unusual properties makes the polymer-based CTCs especially 

fascinating in comparison to their small-molecule counterparts. Planarization of 

the polymer chains9 and formation of crystalline domains10 are but two examples. 

Such properties are closely related to charge delocalization over conjugated 

polymer chains (non-existing in small-molecule CTCs) so that the electron density 

from a number of the repeating units of the polymer is transferred to an acceptor 

molecule.9,11 Furthermore, the polymer-based CTCs can be beneficial for organic 

solar cells because their absorption range extends up to 1 µm (i.e. deeply into the 

polymer band gap12) and the polymer photooxidation stability is also drastically 

increased due to CTC formation.13,14  

Ground-state CTCs have also been observed in conjugated polymer-fullerene 

blends15 although their absorption is extremely weak.16-18  These observations have 

changed the long-standing paradigm19 in organic photovoltaics (OPVs) that ET 

occurs only in the excited state of a donor:acceptor system while the ground-state 

charge transfer is irrelevant.20 Nowadays the charge transfer (CT) state with the 

hole at the donor and the electron at the acceptor, both near the interface, is 

recognized as a key intermediate state on the route from photon absorption to 

creation of free charges in various donor:acceptor combinations.21,22 Furthermore, 

the new generation of low band gap conjugated polymers for OPV, which has 

already demonstrated the highest efficiencies in polymer solar cells,23,24 is built 

upon a push-pull donor:acceptor concept (i.e. covalently linked alternating 
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electron donating and electron accepting monomer units in the polymer 

backbone25) which extends the light absorption into the red region of the solar 

spectrum. This is highly reminiscent of Mulliken-type CTC absorption which is 

readily detected visually as a film color change.7,8 

Upon optical excitation of the Mulliken-type CTCs, a major part of the electron 

density is transferred from the donor to the acceptor almost instantaneously while 

the back ET, i.e. charge recombination, occurs within a finite time span.26,27 The 

early studies on dynamics of small-molecule CTCs in solutions28,29 demonstrated 

that the driving force for geminate charge recombination is mainly determined by 

the acceptor EA. The charge recombination rate was shown to scale exponentially 

with the acceptor EA, while some deviations were attributed to the reorganization 

energy variations.28 In contrast, the effect of an acceptor EA on the charge 

recombination dynamics in films has only been studied for a couple of 

acceptors4,30,31 despite the fact that charge migration in films substantially changes 

the photophysics, contrary to small-molecule CTCs in solution.32 Furthermore, in 

films of conjugated polymers, the very formation of the CTCs alters the film 

morphology which could indirectly (via the acceptor EA) affect the dynamics of 

photoinduced charges  

In this chapter, we address the issue of how the acceptor EA controls the charge 

recombination dynamics in CTCs between an archetypical conjugated polymer 

donor MEH-PPV (poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene])33 

and a family of small molecular acceptors (Figure 2.1). A series of fluorene 

acceptors with a range of EAs was synthesized and characterized by cyclic 

voltammetry at School of Chemistry of Bangor University, United Kingdom, by the 

group of  I. F. Perepichka.34 The formation of the ground-state CTCs in the blends 

was identified by optical absorption and the frequency shift of the polymer Raman 

band, while the CTC excited state dynamics were studied via generation and 

recombination of photoinduced charges employing ultrafast visible-pump – IR-

probe photoinduced absorption (PIA) spectroscopy. We show that the 

recombination rate scales exponentially with the acceptor EA, in full accordance 

with the earlier observations for small-molecule CTCs in solution.28, 35 Finally, the 

anisotropy dynamics suggest that separated charges in most of the blends remain 

spatially highly localized, in sharp contrast to the case of the pristine polymer. 
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Figure 2.1. Structures of MEH-PPV polymer (upper left) and studied series of fluorene 

electron acceptors. Abbreviations of the latter are shown in bold. 

2. 2. Experimental section  

2.2.1. Samples  

Fluorenone (Fon) and 2,7-dinitrofluorenone (DNFon) have been purchased from 

Sigma-Aldrich and used without further purification. Details of the synthesis of 

fluorene acceptors 2-nitrofluorenone (NFon), 2,4,7-trinitrofluorenone (TNFon), 

2,4,5,7-tetranitrofluorenone (TeNFon), 2-nitro-9-dicyanomethylenefluorene (NDF), 

2,7-dinitro-9-dicyanomethylenefluorene (DDNF), 2,4,7-trinitro-9-

dicyanomethylenefluorene (DTNF),  4-cyanofluorenone (4CN-Fon), and 2-nitro-5-

cyanofluorenone (4CN-NFon) and their characterizations are given in Ref. 34.  

Regioregular MEH-PPV was chosen as a donor since it is known to readily form 

a ground-state CTC with fluorene electron acceptors.9, 21 MEH-PPV (Sigma-

Aldrich, Mn = 86,000, Mw = 420,000) and fluorene acceptors were dissolved 
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separately in chlorobenzene at a concentration of 2 g∙L–1. The solutions were placed 

into an ultrasonic bath for 15 minutes at 22 °C and then stirred with a magnetic 

stirrer for ~6 hours at 50 °C. Their blends were prepared by mixing the solutions of 

MEH-PPV and an acceptor with a molar ratio of 1:0.3 per polymer repeat unit. 

Further increase of the acceptor concentration in the blends led to phase 

segregation with loss of sample optical quality.36  

Films were prepared by drop casting of MEH-PPV:acceptor solution onto a 150 

µm thick microscope cover slide followed by tilting the slide until the droplet of ca. 

50 µL volume was distributed over the available surface of 2222 mm. The film 

formed after evaporation of the solvent and was allowed to dry for 8 hours in an 

air atmosphere at 22 °C. All experiments were performed at ambient conditions; no 

sample degradation was observed during the experiments.  

MEH-PPV HOMO and LUMO energies of –5.0 and –2.8 eV, respectively, were 

taken from the electrochemical data in Ref. 19. Fluorene acceptor's reduction cyclic 

voltammetry potentials and calculated energy levels were obtained by group of I. 

Perepichka (School of Chemistry, Bangor University, UK) as described in Ref. 34.  

2.2.2. Optical absorption and Raman spectroscopy 

Absorption spectra of the blends were recorded with a Perkin-Elmer Lambda 900 

spectrometer.  

The Raman experiments were performed in a 180° backscattering configuration, 

using a triple-grating micro-Raman spectrometer (T64000, Jobin Yvon), consisting 

of a double-grating monochromator (acting as a spectral filter) and a 

polychromator which disperses the scattered light onto a liquid-nitrogen cooled 

charge coupled device (CCD) detector. The frequency resolution was better than 2 

cm−1 for the frequency region considered. A krypton laser with 676.4 nm excitation 

wavelength to minimize the fluorescent background was focused onto the samples 

using a 50× microscope objective. The excitation intensity on the samples was 

about 1 µW/µm2. 

In Raman data, the background was subtracted after its approximation by a 

quadratic polynomial function. The 1580 cm-1 Raman band of MEH-PPV was then 

fitted with a Gaussian function in the a 1565-1595 cm-1 range to determine position 

of its maximum with a typical 0.1 cm-1 accuracy according to Ref. 37.  

2.2.3. Ultrafast spectroscopy experiments 
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The dynamics of photogenerated charges in selected materials have been explored 

with a PIA technique, which allows monitoring the time evolution of 

photoinduced charges. The method is based on the fact that a charge (a hole) 

created on a polymer molecule induces absorption bands in the polymer optical 

gap in the IR range.38 These bands, called low energy (LE) and high energy (HE) 

polaron bands20, are situated for the studied systems at ~3500 and ~10000 cm–1, 

respectively.39 The LE band is more suitable as a reporter of charge concentration 

because it is not contaminated by other responses, like electro absorption, 

stimulated emission etc., which allows for a background free measurement.31, 40 In 

the PIA technique, two pulses are applied: the first one photogenerates the charges 

and the second one probes the charge concentration by monitoring induced 

absorption in the IR spectral region. 

The PIA experiments were performed with a home-built 1kHz Ti:Sapphire 

multipass amplifier laser system that pumps an IR optical parametrical oscillator 

(OPO) and a nonlinear optical parametrical amplifier (NOPA). The NOPA 

generated ~30 fs, ~3 nJ pulses in the visible range (500–750 nm). The power density 

at the sample position did not exceed 800 nJ/cm2 to ensure a linear excitation 

regime. The IR OPO was optimized to provide ~70 fs pulses at ~3400 cm–1 (near 

the center of the LE polaron absorption band). To realize polarization-sensitive 

measurements, the polarization of the IR probe beam was rotated by 45° with 

respect to the polarization of the visible pump beam. Parallel and perpendicular 

components of the probe beam were selected after the sample by grid-wire 

polarizers and detected by two InSb photodiodes. The photodiode signals were 

processed by lock-in amplifiers synchronized to a mechanical chopper (500 Hz) 

inserted into the visible pump beam. To obtain relative changes in the transmission 

ΔT, the differential pump-on, pump-off signal ΔI from the lock-ins were 

normalized to the intensity I of the IR beam transmitted through the sample: 

I
I

T
D

D         (1) 

To calculate the isotropic )(tIsoTD  and anisotropic )(tr  transients the standard 

expressions41  

3

)(2)(| |
)(

tTtT
tIsoT

DD
D ,      (2) 

and 
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were used. 

Here )(tTD  and )(| | tTD are the relative transmission changes of the perpendicular 

and parallel components of the probe signal. All data were obtained under 

ambient conditions.  

2.3. Results and discussion 

2.3.1. Fluorene acceptors design 

The acceptor EA engineering was achieved by attaching a number of different 

electron-withdrawing functional groups to the fluorene core: from one to four nitro 

groups or/and cyano group at the benzene rings, as well as using carbonyl oxygen 

or dicyanomethylene groups at the C-9 bridged atom of the fluorene moiety 

(Figure 2.1). The introduction of a NO2 group in substituted fluorenes increases the 

EA of the fluorene molecule by ~0.2–0.3 eV, while replacement of oxygen in the 

carbonyl group by the dicyanomethylene fragment increases the EA by ~0.35–0.45 

eV.42-48 Therefore, with the structural variations of the selected series of fluorene 

acceptors presented in Figure 2.1, the LUMO energy levels can be tuned by ~1.5 

eV, see Figure 2.2. Table 2.1 contains the values of the reduction cycling 

voltammetry potentials ( 𝐸𝐿𝑈𝑀𝑂
𝐶𝑉 ) obtained by the group of I. Perepichka (School of 

Chemistry, Bangor University, UK). 

 
 

Figure 2.2. Positions of the LUMO energy levels ( 𝐸𝐿𝑈𝑀𝑂
𝐶𝑉 ) of fluorene electron acceptors 

from cyclic voltammetry experiments (red blocks). MEH-PPV HOMO and LUMO 

energies (blue blocks) obtained from Ref. 19 and are also shown for comparison. 
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Table 2.1. Reduction cyclic voltammetry potentials of the fluorene acceptors depicted in 

Figure 2.1 

Compound CV

LUMOE

[eV] 

Fon -3.131 

4CN-Fon -3.340 

NFon -3.472 

4CN-NFon -3.641 

DNFon  -3.702 

NDF  -3.931 

TNFon  -3.961 

DDNF -4.152 

TeNFon -4.236 

DTNF -4.417 

 

Due to the fact that the EA are sometimes approximated as the negative of the 

LUMO energies (EA = –ELUMO) in accordance with generalized DFT-Koopman’s 

theorem, we used CV

LUMO E- as the acceptor EA:  

CV

LUMO

CV  E- = EA         (4) 

For more detailed explanations see the Ref. 34. 

2.3.2. Steady-state absorption  

Figure 2.3a shows optical absorption spectra of the MEH-PPV:acceptor blends. For 

the sake of simplicity, the blends are named after their respective acceptor. With 

increase of the acceptor EA, i.e. with decreasing effective HOMO–LUMO energy 
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gap, the blends show characteristic signatures of a ground-state polymer:acceptor 

CTC previously identified for MEH-PPV:TNFon blends.4-7,9 First, an absorption tail 

begins to form in the polymer band gap, i.e. at wavelengths longer than 600 nm 

(Fig. 2.3b). Second, the absorption maximum is progressively shifted to the red 

(Fig. 2.3a) for acceptors with EA higher than that of 4CN-NFon. This indicates that 

the majority of the conjugated chains are involved in CTC formation.9 With an 

increase of the acceptor EA, an additional CTC absorption band is formed (most 

clearly seen for TeNFon), in accordance with the Mulliken model which predicts 

that the CTC absorption should be progressively red-shifted with increasing 

acceptor EA.  

 

Figure 2.3. (a) Normalized absorption spectra for MEH-PPV:acceptor films. The spectra 

are shifted vertically for clarity; the acceptor EA increases from top to bottom. The 

spectrum of a pristine MEH-PPV film is also shown at the top for comparison. (b) 

Absorption at 650 nm relatively to the maximum absorption as a function of acceptor EA. 

The red curve shows the fit to an ad hoc function 𝐴(𝑒𝑥𝑝(−𝑏 ∙ 𝐸𝐴) + 𝑐)−1 to highlight the 

initial exponential growth followed by the saturation.  

(@
6
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The absorption spectra in Figure 2.3a indicate that the polymer forms easily 

observable CTCs with the acceptors having an EA equal or higher than that for 

DNFon. For acceptors with a relatively low EA (4CN-NFon, NFon, 4CN-Fon and 

Fon) the only CTC signature is a weak absorption in the polymer gap (Fig. 2.3b) 

that increases exponentially with acceptor EA. Interestingly, the CTC absorption 

ceases to be a monotonic function of EA at the position of DNFon. As follows from 

Figure 2.3b, the fluorenone acceptors (i.e. with carbonyl oxygen at the C-9 bridged 

atom of the fluorene moiety, Figure 2.1) form stronger absorbing CTCs than their 

dicyanomethylenefluorene-derivatized counterparts with comparable EAs (cf. for 

pairs NDF/TNFon and DDNF/TeNFon). Therefore, EA is not the only variable 

that governs the CTC properties even for acceptors with similar molecular 

structure.  

2.3.3. Raman spectroscopy 

Raman spectroscopy provides a reliable means to identify the ground-state charge-

transfer,49 which changes the electron density at the donor-acceptor chemical 

bonds involved in the CTC interactions and therefore results in a shift in the 

vibrational frequencies. In MEH-PPV:TNFon CTC, the MEH-PPV Raman band at 

1582 cm–1 that corresponds to the valence vibrations of conjugated carbon bonds 

(the symmetric stretching vibration of the phenyl ring) is especially useful due to 

its pronounced spectral downshift.9 This frequency downshift is an evidence of 

partial transfer of the π-electron density from the polymer to the acceptor.50-51  

Figure 2.4a shows the position of the Raman band, while Fig. 2.4b shows the 

band’s maximum as a function the effective LUMO-HOMO gap. The MEH-PPV 

band at 1582 cm–1 downshifts up to ~5 cm–1 with increasing the acceptor EA.  

The Mulliken model for ground-state CTCs predicts that the amount of ground-

state charge transfer is controlled by the energy gap between the acceptor LUMO 

and the donor HOMO energies. Therefore, decreasing the effective EA should 

result in electron density decreasing at the polymer and, therefore, in a spectral 

downshift of the polymer Raman band. This is roughly in agreement with the 

Raman data in Fig. 2.4, however, with several deviations. Thus, the dependence is 

not smooth but rather stepwise. For the effective EA lower than 3.7 eV, the Raman 

band in the blends with Fon, 4CN-Fon, and 4CN-NFon peaks at the same 

frequency as that of the pristine polymer (~1582 cm-1), or even upshifted by ~2 cm-1 

in the blends with NFon (Fig. 2.4).  
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Figure 2.4. (a) The 1582 cm-1 Raman line of MEH-PPV in 1:0.3 volume ratio MEH-

PPV:acceptor blends. Dots represent the data points and Gaussian fits in 1565 cm-1 - 1595 

cm-1 region for it, respectively. Black vertical line shows the maximum of Raman band for 

pristine MEH-PPV. The spectra are vertically shifted for convenience. (b) Maxima of the 

polymer band (~1582 cm-1 for the neat polymer) as a function of the effective LUMO-

HOMO gap. The red line is a guide to the eye.  

In contrast, for acceptors with the effective EA lower than 3.8 eV the Raman 

band demonstrates an ~5 cm–1 downshift, which does not show any systematic 

variation with the acceptor chemical structure, however it looks to be related to the 

overall shift for higher EA. Importantly, for these relatively strong acceptors the 

Raman band slightly downshifts as a whole assuming that the majority of the 

conjugated polymer chains (or segments) are involved in the CTCs. 

The stepwise dependence in Fig. 2.4b is in line with the concentration threshold 

character of CTC formation observed in MEH-PPV:TNFon solutions52-53. This 

stepwise behavior was explained as a collective phenomenon with a positive 

feedback driven by neighbor effects.54 Briefly, formation of a CTC on the polymer 
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chain results in an increased probability of new CTC formation near the existing 

one. Most likely, the same scenario governs the CTC formation in blends of MEH-

PPV with the other fluorene acceptors and results in the stepwise dependencies of 

the CTC properties on the acceptor LUMO energy. As follows from the Raman 

data, the efficient CTC formation requires a threshold driving force determined by 

the EACV
 of ~3.7 eV.  

From the Raman and optical absorption data on the blends, one can conclude 

that the EA is one of the key factors controlling the ground-state charge transfer 

and CTC absorption in polymer:acceptor blends. Raman data do not show any 

CTC signatures for the four relatively weak acceptors: Fon, 4CN-Fon, NFon, and 

4CN-NFon. As it was shown in Sec. 2.3.2, in the blends with these acceptors, no 

clear CTC features were observed in the absorption spectra either.  

2.3.4. Photoinduced charge generation and recombination  

While absorption data are indispensable in studying formation of the ground-state 

CTCs, they do not provide any information on the excited-state dynamics, i.e. on 

the processes of charge separation and recombination. For this, a visible-pump IR-

probe arrangement31 was used where the magnitude of PIA signals in the region of 

LE polaron absorption monitors the concentration of photoinduced charges on the 

polymer.  

Figure 2.5a shows isotropic PIA transients for all the MEH-PPV:acceptor blends 

recorded at an excitation wavelength of 560 nm. This excitation wavelength was 

chosen at the lower-energy side of the absorption spectra (Figure 2.3a) to minimize 

deposition of excessive excitation energy.  

As is clear from Figure 2.5a, the initial charge photogeneration for all the 

samples is extremely fast and occurs within the apparatus time resolution of ~100 

fs, regardless of the acceptor. Therefore, we conclude that the polaron generation 

in the polymer occurs faster than 100 fs, and hence forward donor-to-acceptor ET 

is almost immediate upon optical excitation. In contrast, the decaying parts of the 

transients are strongly acceptor-dependent with the relaxation timescale changing 

from ~100 ps for MEH-PPV to ~1 ps for DTNF. These timescales are attributed to 

the charge recombination (or back ET from the acceptor to the polymer) process. 
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Figure 2.5. (a) Normalized isotropic PIA transients for the MEH-PPV:acceptor blends. 

Dots represent experimental data while solid curves show bi-exponential fits with the 

parameters listed in Table 2.2. The transients are shifted vertically for clarity; the 

corresponding zero signal levels are shown by dashed lines. Note the logarithmic scaling of 

the delay axis after the break. (b) Charge recombination rate in blends of MEH-

PPV:acceptor as a function of EA. The solid curve represents the best fit to the 

experimental data (dots) according to Eq. 6. The dashed and dotted lines are asymptotes for 

the intermolecular (acceptor-to-polymer) and intrapolymer relaxation channels, 

respectively. The inset presents deviations of the experimental values from the best fit in the 

linear scale. 

We briefly comment on the origin of the PIA signal from the film of pristine 

MEH-PPV. Ideally, such excitation should be of entirely excitonic nature so that no 

polarons are produced. However, a number of MEH-PPV excitons quickly 

dissociate into charge species which assignment was actively debated in the past 

(see for instance Ref. 54). Here we use the PIA signal from the pristine MEH-PPV 

film only as a reference for the charge recombination in the blends not affected by 

CTC formation. 

To quantify the dynamics, the transients were fitted by a bi-exponential 

function (Figure 2.5a, solid lines) with fit parameters presented in Table 2.2.  
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Table 2.2. The fitting parameters of pristine MEH-PPV and MEH-PPV:acceptors 

transient spectra at 560 nm.  

Compound 
Isotropic decay 

T1 (A1) T2 (A2) A0 

MEH-PPV 50ps (0.65) 3ps (0.25) 0.1 

Fon 55ps (0.65) 3ps (0.2) 0.15 

4CN-Fon 47ps (0.78) - 0.22 

NFon 27ps (1) - - 

4CN-NFon 21ps (1) - - 

DNFon 20.5ps (0.82) 1ps (0.18) - 

NDF 12.3ps (1) - - 

TNFon 7ps (1) - - 

DDNF 2.7ps (0.6) 0.7ps (0.35) 0.05 

TeNFon 1.7ps (0.98) 65ps (0.02) - 

DTNF 1ps (0.98) - 0.02 

DTeNF 0.4ps (0.92) 23ps (0.08) - 

To analyze the isotropic signal we have used the following bi-exponential 

fitting function:  

∆𝑇𝐼𝑆𝑂 = 𝐴0 + 𝐴1𝑒𝑥𝑝 (−
𝑡

𝑇1
) + 𝐴2𝑒𝑥𝑝 (−

𝑡

𝑇2
)
     

(5)
 

where Ai and Ti are the amplitudes and the time constants respectively, i – number 

of fitting exponents. The sum of amplitudes Ai and exponential baseline is 

normalized to 1. The two recombination rates most probably correspond to 

different donor/acceptor configurations or/and partial ET states. In any case, for 

the majority of the acceptors, the amplitude of the dominating exponential 

functions exceeds 90% (and is always higher than 80%), pointing at an almost 

mono-exponential relaxation. Therefore, the time constant of the dominating decay 

process was taken as the characteristic time for the back ET. 

Figure 2.5b summarizes the relation between the charge recombination rate, k, 

and the acceptor EA. The intermolecular recombination rate mostly follows the 
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exponential trend with some deviations for low-EA acceptors. This deviation 

originates from a second, intrapolymer (i.e. between units of the same and/or 

different polymer chains) channel of back ET that is characteristic for neat MEH-

PPV. The relaxation rate that accounts for the both intermolecular and 

intrapolymer channels is therefore expressed as follows: 

,01exp k
E

EA
ETkk 

D





























      (6) 

where ETk  is the proportionality coefficient, ED

 

is a characteristic energy, and 0k  

is the rate of the intrapolymer back ET. The fit to the experimental data resulted in 

the following values: 110101.4  psETk , eVE 2.0D , and 1018.00
 psk .  

The linear dependence of the logarithm of the charge recombination rate, ln(k), 

on EA has been observed in many small-molecule ground-state CTCs, both in 

solution28,29 and solid phase.35,55 The obtained value of 11 5  D eVE of the slope of 

the exponential factor is also similar to previous studies of small-molecule CTCs. 

For instance, Gould et al.28 reported the slope value of ~5 eV–1 in a series of CTCs 

formed between cyanoaromatic acceptors and methyl-substituted benzene donors. 

Hubig et al. found29, 35 the slope to vary from 2 eV–1 in benzene–methylviologen 

mixtures up to 3.6 eV–1 in CTCs between large aromatics and TCNB 

(tetracyanobenzene) acceptor.  

In the Marcus model,56 an increase of the charge recombination rate with 

increasing EA (the driving force) corresponds to the so-called inverted regime.57-59 

Various interpretations of the Marcus model were proposed to obtain a linear 

dependence of the experimentally observed ln(k) on EA for charge recombination 

in various small-molecule CTCs. As follows from the Marcus equation,56 such 

linear dependence of ln(k) appears when the reorganization energy becomes much 

larger than the driving force for charge recombination. As the latter is always 

higher than 0.5 eV for the examined CTCs, this leads in our case to unreasonably 

high reorganization energy, by a factor of 5 higher than imposed by kT. On the 

other hand, the linear EA dependence of ln(k) can be assigned to the energy gap 

law for radiationless transitions in polyatomic molecules as was explained for 

small-molecule CTCs adsorbed on porous glass at different temperatures.55 These 

are quantum transitions between (nearly) degenerated vibrational levels that 

belong to the ground and excited electronic states of the molecule60 (that is a 

photoexcited CTC in our case). Note that these transitions are not thermally 



Chapter 2  

 40 

activated as the classic Marcus model implies (for detailed discussion of the 

inverted Marcus and the energy gap models, see Refs. 57, 58). Therefore, we 

suggest that in the conjugated polymer CTCs the charge recombination mechanism 

is very similar to that observed earlier in small-molecule CTCs. 

The data in Figure 2.5a suggest that the acceptor EA is the prime factor that 

governs charge recombination. Nonetheless, the fluorenone acceptors are 

characterized by slightly higher relaxation rates than the 

dicyanomethylenefluorene ones of similar EA (compare, for instance, pairs of 

NDF/TNFon and DDNF/TeNFon). This shows that other CTC parameters such as 

the molecular orbital overlap, the donor-acceptor distances, packing motif etc. that 

enter the pre-exponential factor in Eq. 6, are also important. 

From Figure 2.5b one can readily establish the EA for which the intermolecular 

recombination channel due to back ET begins to dominate over the intrapolymer 

one (~50 ps for pristine MEH-PPV). This energy can be estimated by equalizing the 

rates of intermolecular and intrapolymer charge transfer, i.e. as the abscissa of the 

crossing point between the dashed and dotted lines in Figure 2.6b, which results in 

~3.8 eV.  

Figure 2.6 presents PIA anisotropy transients for the MEH-PPV:acceptor blends. 

The initial anisotropy value of ~0.3 is virtually independent of the acceptor. This 

means that the transient dipoles of excitation (i.e. blend absorption) and probe (i.e. 

polaron absorption) remain unaffected by CTC formation. The long-time behavior 

strongly depends on the acceptor: for DNFon and acceptors with higher EA the 

anisotropy does not change appreciably from its initial value. In contrast, for the 

acceptors with lower EA (Fon, NFon, and 4CN-NFon), the anisotropy decreases 

with time in a similar fashion as for MEH-PPV, although to a lower extent. The 

anisotropy dynamics are ascribed to polaron migration on the polymer: as the 

polaron samples polymer segments with various orientations, the memory of the 

initial direction of the polaron transition dipole moment is more and more lost. 

Therefore, we conclude that the polarons are more mobile in the blends with 

acceptors of low EA, while they are more localized in the blends with the acceptors 

of higher EA. The border line, as found above in the isotropic PIA and steady-state 

spectroscopy data, is drawn at the DNFon acceptor.  
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Figure 2.6. PIA anisotropy transients for the MEH-PPV:acceptor blends. The transients 

are delay-limited because of deteriorating signal-to-noise ratio due to short lifetimes in the 

blends with high-EA acceptors. 

2.3.5. Ground-state CTCs: influence on blends morphology  

Based on the optical experiments, we propose the following model of 

morphology in polymer:acceptor blends with ground-state CTCs (Figure 2.7). For 

low-EA acceptors, namely Fon, NFon, and 4CN-NFon, the CTC concentration in 

the polymer phase is relatively low while the majority of acceptor molecules form 

their own phase (Figure 2.7a). As a consequence, a part of the photoexcitations that 

are characteristic of neat polymer is mobile, but another part – those of CTCs – is 

localized. The fraction of the former decreases with increasing acceptor EA which 

results in the red-wing absorption (Figure 2.3a), Raman shift (Figure 2.4a), 

accelerated back ET rate (Figure 2.5), and lowered anisotropy values (Figure 2.6). 

Acceptors with high EA form CTCs that are more dispersed in the conjugated 

polymer (Figure 2.7b; see also discussion on the absorption spectra, Figure 2.3) so 

that a polymer exciton is always generated near an acceptor molecule that 

immediately receives the photoexcited electron. Such complexation, in turn, 

planarizes MEH-PPV segments thereby increasing the conjugation length within 

these fragments of the polymer backbone (and consequently exciton 

delocalization) that facilitates trapping of all excitons through an efficient charge 
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transfer processes. As a consequence, the polaron stays in the vicinity of its birth 

place which results in a time-independent anisotropy. Note that the second, 

intrapolymer relaxation channel (the second term in Eq. 6) does not need to be 

involved and therefore the relaxation rates approach the asymptotic exponential 

behavior (Figure 2.5b). Probably, the previously observed self-organization of the 

polymer chains in crystalline domains due to the CTC formation10 adds another 

dimension to this scenario; a more detailed study on this point is underway.  

 

Figure 2.7. Impression of the MEH-PPV:acceptor blend morphology for acceptors with low 

(a) and high (b) EAs. For low-EA acceptors, very few of them form CTCs (red pucks) with 

polymer chains (blue) while most of acceptors aggregate in their own phase (shadowed in 

light red). This results in mobile (extended green) and more localized (green) excitations. 

For high-EA acceptors, almost all of them form CTCs with polymer chains resulting in 

localized excitations only. 

2.4. Conclusions 

The ground-state CTCs formed between the MEH-PPV conjugated polymer donor 

and a series of fluorene electron acceptors with varying EA have been studied 

using an optical spectroscopy. The acceptor EAs were engineered by attaching a 

variety of electron withdrawing functional groups (cyano, nitro, and carbonyl) to 

the fluorene core to systematically modify the EA of the acceptors.  

The formation of the ground-state CTCs in polymer:acceptor blends has been 

identified by optical absorption spectroscopy through the appearance of an 

additional absorption in the polymer bandgap. Raman spectroscopy on the 

strongest MEH-PPV band at 1582 cm-1 has confirmed these findings. Visible-IR PIA 
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spectroscopy has been further employed to study excited-state charge separation 

and recombination dynamics. In all blends, charge photogeneration is extremely 

fast (<100 fs), while charge recombination shows noticeably different dynamics 

ranging from 1 to 50 ps. The acceptor-to-polymer recombination rates exhibit an 

exponential scaling with the acceptor EA with parameters that are similar to those 

reported earlier for small-molecule CTCs. Transient anisotropy data have indicated 

that in the CTCs with acceptors of relatively high EA, the mutual orientation of 

exciton and polaron transient dipole moments is retained, whereas in the low-EA 

acceptors the two dipole moments become less correlated.  

The experimental data have been discussed in terms of a morphology model 

where the low-EA acceptors form relatively sparse CTCs with the polymer chain 

and most of the acceptor molecules stay phase-separated from the polymer. In 

contrast, the high-EA acceptors are thought to be rather dispersed in the polymer 

due to pronounced CTC formation. As a result, in the first case photoexcitations 

are fractioned between delocalized polymeric and more localized CTCs ones while 

in the second case excitations are localized around the point of their creation.  

The effect on the acceptor EA on the charge transfer dynamics is directly linked 

to the field of organic photovoltaics. In polymer:fullerene and other phase-

separated donor:acceptor blends, CTCs are formed only at the donor to acceptor 

interface so that photon absorption triggers photophysics at the domain 

boundaries of the phase-separated donor and acceptor domains. It is only at later 

times that the exciton diffusion delivers the excitations to the interfacial CTCs to 

form the charge-separated states.21 In such blends, the interfacial CTCs hardly 

contribute to optical absorption due to their relative scarcity and, in polymer-

fullerene blends, due to their weakness. In contrast, in polymer:acceptor blends 

with pronounced ground-state charge transfer, as studied here, a CTC is formed 

per each conjugated segment so that exciton diffusion and other concurrent 

processes (e.g., generation of triplets) are excluded from the photophysics. As a 

result, optical excitation leads to immediate formation of a charge-separated state, 

and the charge relaxation dynamics can be monitored directly without 

contamination from competing photophysical processes.  

  



Chapter 2  

 44 

2.5. References 

1. Mulliken, R. S., Structures of Complexes Formed by Halogen Molecules 
with Aromatic and with Oxygenated Solvents. Journal of the American Chemical 
Society 1950, 72, 600-608. 
2. Mulliken, R. S., Molecular Compounds and Their Spectra. II. Journal of the 
American Chemical Society 1952, 74, 811-824. 
3. 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. 
4. 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. 
5. Goris, L.; Haenen, K.; Nesladek, M.; Wagner, P.; Vanderzande, D.; De 
Schepper, L.; D'Haen, J.; Lutsen, L.; Manca, J. V., Absorption Phenomena in 
Organic Thin Films for Solar Cell Applications Investigated by Photothermal 
Deflection Spectroscopy. Journal of Material Science 2005, 40, 1413-1418. 
6. Panda, P.; Veldman, D.; Sweelssen, J.; Bastiaansen, J. J. A. M.; Langeveld-
Voss, B. M. W.; Meskers, S. C. J., Charge Transfer Absorption for Π-Conjugated 
Polymers and Oligomers Mixed with Electron Acceptors. The Journal of Physical 
Chemistry B 2007, 111, 5076-5081. 
7. Wise, A. J.; Grey, J. K., Resonance Raman Studies of Excited State 
Structural Displacements of Conjugated Polymers in Donor/Acceptor Charge 
Transfer Complexes. Physical Chemistry Chemical Physics 2012, 14, 11273-11276. 
8. Sosorev, A. Y.; Paraschuk, D. Y., Charge-Transfer Complexes of 
Conjugated Polymers. Israel Journal of Chemistry 2014, 54, 650-673. 
9. Bruevich, V. V.; Makhmutov, T. S.; Elizarov, S. G.; Nechvolodova, E. M.; 
Paraschuk, D. Y., Raman Spectroscopy of Intermolecular Charge Transfer Complex 
between a Conjugated Polymer and an Organic Acceptor Molecule. The Journal of 
Chemical Physics 2007, 127, 104905-104909. 
10. Parashchuk, O. D.; Grigorian, S.; Levin, E. E.; Bruevich, V. V.; Bukunov, K.; 
Golovnin, I. V.; Dittrich, T.; Dembo, K. A.; Volkov, V. V.; Paraschuk, D. Y., 
Acceptor-Enhanced Local Order in Conjugated Polymer Films. The Journal of 
Physical Chemistry Letters 2013, 4, 1298-1303. 
11. Bruevich, V. V.; Makhmutov, T. S.; Elizarov, S. G.; Nechvolodova, E. M.; 
Paraschuk, D. Y., Ground State of Π-Conjugated Polymer Chains Forming an 
Intermolecular Charge-Transfer Complex as Probed by Raman Spectroscopy. 
Journal of Experimental and Theoretical Physics 2007, 105, 469-478. 



Charge Transfer Dynamics in Donor-Acceptor Complexes between a Conjugated Polymer 

and Fluorene Acceptors 

 45 

12. Ozimova, A. E.; Bruevich, V. V.; Dittrich, T.; Paraschuk, D. Y., Enhanced 
Photostability and Red-NIR Photosensitivity of Conjugated Polymer Charge-
Transfer Complexes. Macromolecular Symposia 2010, 296, 138-143. 
13. Golovnin, I. V.; Bakulin, A. A.; Zapunidy, S. A.; Nechvolodova, E. M.; 
Paraschuk, D. Y., Dramatic Enhancement of Photooxidation Stability of a 
Conjugated Polymer in Blends with Organic Acceptor. Applied Physical Letters 2008, 
92, 243311-243313. 
14. Ozimova, A. E.; Bruevich, V. V.; Paraschuk, D. Y., Measurement of the 
Photobleaching Kinetics of Semiconducting Polymer Films by the Pump-Probe 
Method. Quantum Electronics 2011, 41, 1069-1072. 
15. 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. 
16. Drori, T.; Sheng, C. X.; Ndobe, A.; Singh, S.; Holt, J.; Vardeny, Z. V., Below-
Gap Excitation of Π-Conjugated Polymer-Fullerene Blends: Implications for Bulk 
Organic Heterojunction Solar Cells. Physical Review Letters 2008, 101, 037401. 
17. Goris, L.; Poruba, A.; Hodyakova, 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 
Physical Letters 2006, 88, 052113. 
18. Hallermann, M.; Haneder, S.; Da Como, E., Charge-Transfer States in 
Conjugated Polymer/Fullerene Blends: Below-Gap Weakly Bound Excitons for 
Polymer Photovoltaics. Applied Physical Letters 2008, 93, 053307. 
19. Brabec, C. J.; Sariciftci, N. S.; Hummelen, J. C., Plastic Solar Cells. Advanced 
Functional Materials 2001, 11, 15-26. 
20. Sariciftci, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, F., Photoinduced 
Electron-Transfer from a Conducting Polymer to Buckminsterfullerene. Science 
1992, 258, 1474-1476. 
21. Deibel, C.; Strobel, T.; Dyakonov, V., Role of the Charge Transfer State in 
Organic Donor-Acceptor Solar Cells. Advanced Materials 2010, 22, 4097-4111. 
22. Bakulin, A. A.; Rao, A.; Pavelyev, V. G.; van Loosdrecht, P. H. M.; 
Pshenichnikov, M. S.; Niedzialek, D.; Cornil, J.; Beljonne, D.; Friend, R. H., The 
Role of Driving Energy and Delocalized States for Charge Separation in Organic 
Semiconductors. Science 2012, 335, 1340-1344. 
23. He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y., Enhanced Power-
Conversion Efficiency in Polymer Solar Cells Using an Inverted Device Structure. 
Nature Photonics 2012, 6, 591-595. 



Chapter 2  

 46 

24. Liang, Y.; Xu, Z.; Xia, J.; Tsai, S.-T.; Wu, Y.; Li, G.; Ray, C.; Yu, L., For the 
Bright Future—Bulk Heterojunction Polymer Solar Cells with Power Conversion 
Efficiency of 7.4%. Advanced Materials 2010, 22, 135-138. 
25. van Mullekom, H. A. M.; Vekemans, J. A. J. M.; Havinga, E. E.; Meijer, E. 
W., Developments in the Chemistry and Band Gap Engineering of Donor–
Acceptor Substituted Conjugated Polymers. Materials Science and Engineering: 
Reports 2001, 32, 1-40. 
26. Hwang, I. W.; Moses, D.; Heeger, A. J., Photoinduced Carrier Generation 
in P3HT/PCBM Bulk Heterojunction Materials. The Journal of Physical Chemistry C 
2008, 112, 4350-4354. 
27. Veldman, D.; Ipek, O.; Meskers, S. C. J.; Sweelssen, J.; Koetse, M. M.; 
Veenstra, S. C.; Kroon, J. M.; van Bavel, S. S.; Loos, J.; Janssen, R. A. J., 
Compositional and Electric Field Dependence of the Dissociation of Charge 
Transfer Excitons in Alternating Polyfluorene Copolymer/Fullerene Blends. 
Journal of the American Chemical Society 2008, 130, 7721-7735. 
28. Gould, I. R.; Noukakis, D.; Gomezjahn, L.; Young, R. H.; Goodman, J. L.; 
Farid, S., Radiative and Nonradiative Electron-Transfer in Contact Radical-Ion 
Pairs. Chemical Physics 1993, 176, 439-456. 
29. Hubig, S. M.; Bockman, T. M.; Kochi, J. K., Optimized Electron Transfer in 
Charge-Transfer Ion Pairs. Pronounced Inner-Sphere Behavior of Olefin Donors. 
Journal of the American Chemical Society 1996, 118, 3842-3851. 
30. Bakulin, A. A.; Khodarev, A. N.; Martyanov, D. S.; Elizarov, S. G.; 
Golovnin, I. V.; Paraschuk, D. Y.; Arnautov, S. A.; Nechvolodova, E. M., Charge 
Transfer Complexes of a Conjugated Polymer. Doklady Chemistry 2004, 398, 204-
206. 
31. Bakulin, A. A.; Martyanov, D. S.; Paraschuk, D. Y.; Pshenichnikov, M. S.; 
van Loosdrecht, P. H. M., Ultrafast Charge Photogeneration Dynamics in Ground-
State Charge-Transfer Complexes Based on Conjugated Polymers. The Journal of 
Physical Chemistry B 2008, 112, 13730-13737. 
32. Ruseckas, A.; Gulbinas, V.; Sundström, V.; Undzenas, A.; Valkunas, L., 
Charge Separation and Recombination in a Photoconducting Polymer with 
Electron Donor−Acceptor Complexes. The Journal of Physical Chemistry B 1998, 102, 
7365-7370. 
33. Blayney, A. J.; Perepichka, I. F.; Wudl, F.; Perepichka, D. F., Advances and 
Challenges in the Synthesis of Poly(P-Phenylene Vinylene)-Based Polymers. Israel 
Journal of Chemistry 2014, 54, 674-688. 
34. Pavelyev, V. G.; Parashchuk, O. D.; Krompiec, M.; Orekhova, T. V.; 
Perepichka, I. F.; van Loosdrecht, P. H. M.; Paraschuk, D. Y.; Pshenichnikov, M. S., 
Charge Transfer Dynamics in Donor–Acceptor Complexes between a Conjugated 
Polymer and Fluorene Acceptors. The Journal of Physical Chemistry C 2014, 118, 
30291-30301. 



Charge Transfer Dynamics in Donor-Acceptor Complexes between a Conjugated Polymer 

and Fluorene Acceptors 

 47 

35. Hubig, S. M.; Kochi, J. K., Photoinduced Electron Transfer in Charge-
Transfer Crystals by Diffuse-Reflectance (Picosecond) Time-Resolved 
Spectroscopy. The Journal of Physical Chemistry 1995, 99, 17578-17585. 
36. Elizarov, S. G.; Ozimova, A. E.; Paraschuk, D. Y.; Arnautov, S. A.; 
Nechvolodova, E. M., In Laser Light Scattering as a Probe of Phase Separation in 
Conjugated Polymer Films of Donor-Acceptor Blends., ICONO 2005: Nonlinear Laser 
Spectroscopy, High Precision Measurements, and Laser Biomedicine and 
Chemistry, Proceedings of the Society of Photo-Optical Instrumentation Engineers 
(SPIE), 2006, 293–302. 
37. Bruevich, V. V.; Makhmutov, T. S.; Elizarov, S. G.; Nechvolodova, E. M.; 
Paraschuk, D. Y., Raman Spectroscopy of Intermolecular Charge Transfer Complex 
between a Conjugated Polymer and an Organic Acceptor Molecule. The Journal of 
Physical Chemistry 2007, 127, 104905. 
38. Mizrahi, U.; Shtrichman, I.; Gershoni, D.; Ehrenfreund, E.; Vardeny, Z. V., 
Picoseconds Time Resolved Photoinduced Absorption by Infrared Active 
Vibrations as a Probe for Charge Photogeneration in MEH-PPV/C-60 Composites. 
Synthetic Metals 1999, 102, 1182-1185. 
39. Lane, P. A.; Wei, X.; Vardeny, Z. V., Studies of Charged Excitations in Π-
Conjugated Oligomers and Polymers by Optical Modulation. Physical Review 
Letters 1996, 77, 1544-1547. 
40. Osterbacka, R.; Wohlgenannt, M.; Shkunov, M.; Chinn, D.; Vardeny, Z. V., 
Excitons, Polarons, and Laser Action in Poly(P-Phenylene Vinylene) Films. The 
Journal of Chemical Physics 2003, 118, 8905-8916. 
41. Gordon, R. G., Molecular Collisions and Depolarization of Fluorescence in 
Gases. The Journal of Chemical Physics 1966, 45, 1643-1655. 
42. Mysyk, D. D.; Perepichka, I. F.; Sokolov, N. I., Electron Acceptors of the 
Fluorene Series .6. Synthesis of 4,5-Dinitro-9-X-Fluorene-2,7-Disulfonic Acid 
Derivatives, Their Charge Transfer Complexes with Anthracene and Sensitization 
of Photoconductivity of Poly-N-(2,3-Epoxypropyl)Carbazole. Journal of Chemical 
Society, Perkin Transactions 2 1997, 537-545. 
43. Mysyk, D. D.; Perepichka, I. F.; Sokolov, N. I., Electron Acceptors of the 
Fluorene Series .6. Synthesis of 4,5-Dinitro-9-X-Fluorene-2,7-Disulfonic Acid 
Derivatives, Their Charge Transfer Complexes with Anthracene and Sensitization 
of Photoconductivity of Poly-N-(2,3-Epoxypropyl)Carbazole. Journal of Chemical 
Society, Perkin Transactions 2 1997, 537-545. 
44. Perepichka, D. F.; Bryce, M. R.; Perepichka, I. F.; Lyubchik, S. B.; 
Christensen, C. A.; Godbert, N.; Batsanov, A. S.; Levillain, E.; McInnes, E. J. L.; 
Zhao, J. P., A (Pi-Extended Tetrathiafulvalene)-Fluorene Conjugate. Unusual 
Electrochemistry and Charge Transfer Properties: The First Observation of a 
Covalent D2+-Sigma-a(Center Dot-) Redox State. Journal of the American Chemical 
Society 2002, 124, 14227-14238. 



Chapter 2  

 48 

45. Perepichka, I. F., “Multiphoton and Light Driven Multielectron Processes 
in Organics: Materials, Phenomena, Applications”., In Nato Science Series: 3. High 
Technology Kajzar, F. A. M. V., Ed. Kluwer Academic Publishers: Dordrecht, 2000; 
79, 371–386. 
46. Perepichka, I. F.; Kuz'mina, L. G.; Perepichka, D. F.; Bryce, M. R.; 
Goldenberg, L. M.; Popov, A. F.; Howard, J. A. K., Electron Acceptors of the 
Fluorene Series. 7 2,7-Dicyano-4,5-Dinitro-9-X-Fluorenes: Synthesis, Cyclic 
Voltammetry, Charge Transfer Complexation with N-Propylcarbazole in Solution, 
and X-Ray Crystal Structures of Two Tetrathiafulvalene Complexes. The Journal of 
Organic Chemistry 1998, 63, 6484-6493. 
47. Perepichka, I. F.; Popov, A. F.; Orekhova, T. V.; Bryce, M. R.; Andrievskii, 
A. M.; Batsanov, A. S.; Howard, J. A.; Sokolov, N. I., Electron Acceptors of the 
Fluorene Series. 10.(1) Novel Acceptors Containing Butylsulfanyl, Butylsulfinyl, 
and Butylsulfonyl Substituents: Synthesis, Cyclic Voltammetry, Charge-Transfer 
Complexation with Anthracene in Solution, and X-Ray Crystal Structures of Two 
Tetrathiafulvalene Complexes. The Journal of Organic Chemistry 2000, 65, 3053-63. 
48. Perepichka, I. F.; Popov, A. F.; Orekhova, T. V.; Bryce, M. R.; Vdovichenko, 
A. N.; Batsanov, A. S.; Goldenberg, L. M.; Howard, J. A. K.; Sokolov, N. I.; Megson, 
J. L., Electron Acceptors of the Fluorene Series. Part 5. Intramolecular Charge 
Transfer in Nitro-Substituted 9-(Aminomethylene)Fluorenes. Journal of the Chemical 
Society, Perkin Transactions 2 1996, 2453-2469. 
49. Mcglynn, S. P., Energetics of Molecular Complexes. Chemical Reviews 1958, 
58, 1113-1156. 
50. Lefrant, S.; Perrin, E.; Buisson, J. P.; Eckhardt, H.; Han, C. C., Vibrational 
Studies of Polyparaphenylene-Vinylene (PPV). Synthetic Metals 1989, 29, 91-96. 
51. Sakamoto, A.; Furukawa, Y.; Tasumi, M., Resonance Raman and 
Ultraviolet to Infrared-Absorption Studies of Positive Polarons and Bipolarons in 
Sulfuric-Acid-Treated Poly(P-Phenylenevinylene). The Journal of Physical Chemistry 
1994, 98, 4635-4640. 
52. Parashchuk, O. D.; Bruevich, V. V.; Paraschuk, D. Y., Association Function 
of Conjugated Polymer Charge-Transfer Complex. Physical Chemistry Chemical 
Physics 2010, 12, 6021-6026. 
53. Parashchuk, O. D.; Laptinskaya, T. V.; Paraschuk, D. Y., Macromolecular 
Dynamics of Conjugated Polymer in Donor-Acceptor Blends with Charge Transfer 
Complex. Physical Chemistry Chemical Physics 2011, 13, 3775-3781. 
54. Sosorev, A. Y.; Zapunidi, S. A., Neighbor Effect in Complexation of a 
Conjugated Polymer. The Journal of Physical Chemistry B 2013, 117, 10913-10919. 
55. Miyasaka, H.; Kotani, S.; Itaya, A.; Schweitzer, G.; De Schryver, F. C.; 
Mataga, N., Temperature Effects on the Energy Gap Dependence of Charge 
Recombination Rates of Ion Pairs Produced by Excitation of Charge-Transfer 



Charge Transfer Dynamics in Donor-Acceptor Complexes between a Conjugated Polymer 

and Fluorene Acceptors 

 49 

Complexes Adsorbed on Porous Glass. The Journal of Physical Chemistry B 1997, 101, 
7978-7984. 
56. Marcus, R. A., On the Theory of Oxidation-Reduction Reactions Involving 
Electron Transfer .I. The Journal of Chemical Physics 1956, 24, 966-978. 
57. Suppan, P., The Marcus Inverted Region. In Photoinduced Electron Transfer 
Iv, Mattay, J., Ed. Springer Berlin Heidelberg: 1992; 163, 95-130. 
58. Kuzmin, M. G.; Soboleva, I. V.; Dolotova, E. V.; Dogadkin, D. N., The 
Nature of Internal Conversion and Intersystem Crossing in Exciplexes. High Energy 
Chemistry 2005, 39, 86-96. 
59. May, V.; Kuhn, O., Charge and Energy Transfer Dynamics in Molecular 
Systems, 3rd ed.; Wiley-VCH: Weinheim, 2011. 
60. Englman, R.; Jortner, J., Energy Gap Law for Radiationless Transitions in 
Large Molecules. Molecular Physics 1970, 18, 145-164. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2  

 50 

 


