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ABSTRACT 

The evolution of the excited-state manifold in organic D/A aggregates (e.g. the 

prototypical P3HT/PCBM) is investigated through a bottom-up approach via 

first-principles calculations. We show how the excited-state energies, the charge 

transfer (CT) states, and the electron-hole density distributions are strongly 

influenced by the size, the orientation and the position (i.e. on-top vs. on-edge 

phases) of P3HT/PCBM domains. We discuss how the structural order influences 

the excited-state electronic structure, providing an atomistic interpretation of 

the photophysics of organic blends. We show how the simultaneous presence of 

on-top and on-edge phases does not alter the optical absorption spectrum of the 

blend but does affect the photophysics. Photovoltaic processes such as i) the 

simultaneous charge generation obtained from hot and cold excitations, ii) the 

instantaneous and delayed charge separation, and iii) the pump-push-probe 

charge generation, can be reconsidered based on our study. 

 

 

 



 2 

 

 

 

 

 

 

 

Light-to-current conversion processes lie at the base of any photovoltaic 

technology.1 Regardless of the active materials, a heuristic approach would 

suggest that the easier it is to transfer the excitation energy into free charges, the 

higher would be the power conversion efficiency of the solar cell. However, 

exciton dissociation has to compete with thermalization mechanisms that 

decrease the odds of charge generation.2 This problem is particularly severe in 

organic photovoltaics (OPV),3 affecting the global efficiency of solar cells.4 A key 

point to improve OPV performance is to understand the photo-induced 

mechanisms in the region where excitons split into charges, i.e. at the 

donor/acceptor (D/A) interfaces.5 Assessing the nature of the excited states at 

D/A interfaces is still one of the major challenges, and thus crucial, in organic 

electronics and photovoltaics.6 The aim of this work is, therefore, to investigate, 

via first-principles calculations, the nature of the excited states in D/A clusters. 

We show how the excited-state energies, the charge transfer (CT) states, and the 

electron-hole density distributions are influenced by the size, the orientation, 

and the position of polymer/fullerene-like domains. We discuss evidence of how 

structural order influences the excited-state electronic structure in D/A 
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interfaces, provide an interpretation of the OPV photophysics, and suggest 

potential ways to boost productive charge transfer processes. 

The photophysics ruling charge generation in OPV is still a much-debated 

topic, leading to conflicting descriptions. Some accepted interpretations have 

emerged in recent years; amongst those the most relevant are briefly listed here: 

1) Free charges can be generated independently from the photon excitation 

energy (either below or above the optical gap).7 2) High-energy excitations lead 

to electron transfer8 via the population of hot CT states;9 however, these states 

are not necessarily responsible for the generation of free charges.10 3) 

Delocalized electronic states facilitate charge separation, by lowering the 

electron-hole bound-potential barrier.8 4) Long-range electron-hole dissociation 

may occur through tunnelling toward delocalized states,11 before the excitons 

actually reach the interface,12 or 5) through direct optical population of D/A 

states featuring CT character.13 Furthermore, specifically for molecular based 

donor-acceptor-donor systems,14 geometry relaxation can lead to competition 

between energy and charge transfer events.15 

Recent ultrafast transient absorption spectroscopy experiments were used to 

determine the time scales and the spatial distribution of photogenerated charge 

pairs in OPV cells.16 Notably, long-range charge separation was found to occur 

within the time scale of thermalization, invoking early branching between free 

and bound charges across the organic interface.16b These observations suggest a 

complex energetic scenario, which should consider both the excited-state 

character17 and the electrostatic potential across the interface.18 

Remarkable insights into the nature of the excited states at D/A interfaces 

(e.g., P3HT/PCBM,19 PCPDTBT/PCBM,9 pentacene/C6020 or DCVnT/C6021) were 
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achieved by several research groups.19a, 20a, 20b, 21-22 Density functional theory 

(e.g., DFT/TDDFT),19, 20a, 23 many-body Green’s functions theory (e.g., GW 

approximation), 22a, 24 and ab initio methods (e.g., ADC(2))25 were applied on 

minimal model systems to calculate the low-lying excited states (usually the first 

few) in D/A molecular complexes.26 Attention was paid mainly to the energy of 

the first CT state with respect to the active (i.e. dipole-allowed) excited state. It is 

generally assumed that charge transfer can occur if E(CT) < E(active), in an 

exothermic process (E < 0). However, the focus on minimal structural models 

and a small number of computed excited states might not fully catch the complex 

photophysics of OPV blends.  

Here, we systematically investigate the evolution of the excited-state manifold 

in D/A aggregates (for the prototypical P3HT/PCBM system) through a bottom-

up approach, by increasing the size of D and A domains and by changing their 

relative orientations and configurations. Homogeneous (A/A, D/D) and 

heterogeneous (D/A) clusters are considered, as shown in Figure 1.  
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Figure 1 Molecular structures investigated in this work. Top panel: isolated 
oligothiophene chain (octamer, 8T) and PCBM. Left panel: homogeneous 
domains of donors (D/D) or acceptors (A/A). Donors domains include 2, 3 or 4 
8T chains, respectively, while acceptor domains consist of 2 PCBM in face-to-face 
(f) or vertical (v) configuration.  Right panel: heterogeneous interfaces (D/A) are 
classified as n_8T/m_PCBM:i, with n number of  8T, m the number of PCBM 
and i an index describing the configuration of PCBM with respect to the donor 
cluster, i.e. on-top (t), on-edge (e), on-top face-to-face (tf) or on-top vertical (tv). 
Each structure was optimized at the B97X-D/6-31G* level (gas phase). 
 

Donor domains are classified as n_8T, with n the number of - stacked 

chains, each consisting of 8 monomers. Acceptor domains are classified as 

2_PCBM:f or 2_PCBM:v, representing two PCBM either in a face-to-face (f) or 

vertical (v) arrangement (see Figure1). D/A interfaces are classified as 

n_8T/m_PCBM:i, with n the number of - stacked thiophene-octamers, m the 

number of PCBM and i the relative position of PCBM with respect to the 

polythiophene cluster (i = t, e, tf, tv with t for on-top, e for on-edge, tf for on-top 

face-to-face, tv for on-top vertical, see Figure1). Each structure was optimized 

(i.e. stable stationary point) in the ground state (gas phase) at the DFT level 

using a range-separated functional with dispersion corrections included, i.e. 

B97X-D/6-31G*. All DFT calculations were performed using the Gaussian09 

package27.  

Vertical excitation energies were computed at the TD-DFT level, both in the 

gas phase and with the conductor polarizable continuum model (C-PCM, with a 

dielectric constant ε = 3.0 as commonly accepted for organic semiconductors20a). 

For 1_8T/1_PCBM:t, the geometry of the first excited singlet state S1 was 

optimized at the TD-DFT level in order to assess the equilibrium structure and 

state character (see Supporting Information). Detailed investigations by Brédas 

et al.,20a, 23 Kronik et al.,28 and Kümmel et al.29 have established that suitably 
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adapted range-separated functionals30 describe the energy and character of the 

excited states reasonably well, both in the condensed phase and at 

donor/acceptor interfaces.17 Accordingly, excitation energies were also 

computed by tuning the range-separation parameter  (see Supporting 

Information). A shift of ~0.10 eV in the vertical energies was found when using 

the optimized  value (0.17 bohr-1)20a instead of the default value (0.20 bohr-1) 

(see Supporting Information); however, the state order remained the same. 

Moreover, regardless of the chosen  value or the presence of a polarizable 

continuum, the physical picture, the photovoltaic mechanisms, and the general 

considerations drawn here (vide infra) remained unchanged. 

Excited states were classified as localized on the donor (LD) or on the 

acceptor (LA) domain, as delocalized over the interface (deloc) or as involving 

charge transfer (CT) from one domain to the other. Amongst different ways to 

classify excitons in molecular based systems,31 our state classification procedure 

is based on the analysis of the electron density difference () between the 

investigated excited state and the ground state ( =excited state ‒ ground state), 

as described in Refs. 17 and 32.  

Detailed results for the vertical excitation energies of homogeneous interfaces 

(A/A and D/D) and their evolution with increasing cluster size are reported in 

Figure SI1 of the Supporting Information. Briefly, for donor clusters, we observe 

a splitting of the first dipole-allowed excited state when going from one oligomer 

(1_8T) to four -stacked oligothiophene chains (4_8T), which gives rise to the 

formation of a mini-band. The computed electronic spectra of the donor cluster 

4_8T exhibit two main absorption bands: a low-energy band (LE = 2.5-3.2 eV) 

and a high-energy band (HE = 3.5-4.0 eV). The corresponding excited states are 
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delocalized, spreading either over two neighboring chains or over the entire 

cluster (vide infra). For acceptor domains (n_PCBM), we find no significant 

changes in the excited states when going from one to two PCBMs (Figure SI1). 

Figure 2 shows the evolution of the energy and character of the excited states 

and the calculated absorption spectra for relevant (vide infra) D/A model 

clusters, amongst those reported in Figure 1. Depending on the donor domain 

size and the relative positions of the acceptor, the energy and character of the 

excited states change, thus indicating specific structure-property relationships 

between the local interfacial geometry and the photophysics of the organic 

interfaces. At the level of the molecular dimer (1_8T/1_PCBM), a model 

commonly adopted when describing OPV interfaces quantum-chemically,2c, 26 the 

position of PCBM affects the relative energy of the dipole-allowed excited state 

and the first CT state (Figure 2 and Table 1).  
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Figure 2 Vertical excitation energies computed at the TD-B97X-D/6-31G* 
level for different D/A clusters, namely 1_8T/1_PCBM, 2_8T/1_PCBM and 
4_8T/1_PCBM, with PCBM in on-top (top panel) or on-edge (bottom panel) 
configuration. Right-hand side: comparison between the absorption spectra of 
big D/A clusters (4_8T/1_PCBM) and a pure donor domain (4_8T). Absorption 
spectra were calculated as a convolution of Lorentzian functions on top of the 
computed TD-DFT energies and oscillator strengths. Excited states are classified 
as: localized on the donor (LD, blue), localized on the acceptor (LA, grey), or 
charge-transfer from the donor to the acceptor (CT, red). X identifies the lowest 
dominant bright state (i.e., active) and the arrows identify its energy separation 
(E=E(CT)-E(active)) from the closest CT state;  E ≥ 0 for on-top configurations 
and E ≤ 0 for on-edge configurations. 
 

 
Table 1 TD-DFT vertical excitation energies and oscillator strengths for different 
cases, namely: isolated 8T and PCBM, D/A molecular dimer (1_8T/1_PCBM), 
2_8T/1_PCBM, 4_8T/1_PCBM and 4_8T/2_PCBM in different configurations (as 
specified in the notation). The brightest LD state in the first absorption band and 
the first CT state are reported in each case (for comparison, see also Figure 2). 
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Structure E(LD) / eV f E(CT) / eV f 
8T 3.17 2.88   
PCBM 2.55 0.00   
1_8T/1_PCBM:t 3.13 1.05 3.25 0.02 
1_8T/1_PCBM:e 3.27 0.96 3.18 0.00 
2_8T/1_PCBM:t 3.00 4.67 3.07 0.06 
2_8T/1_PCBM:e 3.04 3.91 2.94 0.00 
4_8T 3.03 5.25   
4_8T/1_PCBM:t 3.02 4.25 3.07 0.34 
4_8T/1_PCBM:e 3.06 5.72 2.51 0.01 
4_8T/2_PCBM:tf 3.02 3.94 2.97 0.00 
4_8T/2_PCBM:tv 3.03 5.19 3.05 0.24 
 
 

In 1_8T/1_PCBM:t, the first optically active state (localized on the donor, LD) 

is at 3.13 eV, being 0.12 eV lower than the first CT state (3.25 eV), see Table 1. In 

1_8T/1_PCBM:e, the first bright state (delocalized over the interface, deloc) is at 

3.27 eV, lying 0.08 eV higher than the first CT state (3.18 eV) (in Figure 2 the 

brightest low-energy states are marked with X). In these minimal models, the 

charge transfer process from the polymer to the PCBM thus seems to be 

thermodynamically allowed in the Franck-Condon (FC) region for the on-edge 

configuration (E = -0.08 eV), but not for the on-top counterpart (E = +0.12 eV). 

Increasing the size of the donor domain, from 2_8T/1_PCBM to 4_8T/1_PCBM, 

does not affect the computed state ordering in both configurations (Figure 2). 

However, the energy and the classification of the excited states substantially 

differ from the dimer model. For clusters with PCBM in the on-top configuration, 

the energy of the first CT state decreases by increasing the donor domain, 

shifting from 3.25 eV in 1_8T/1_PCBM:t to 3.07 eV in 4_8T/1_PCBM:t (see Table 

1). Although the population of the first CT state remains thermodynamically 

unfavorable in the FC region, E(CT) > E(active) (Table 1), with E = +0.05 eV, the 

CT state lies within the optical absorption band (quasi in resonance with the 

dipole-allowed state at E = 3.02 eV, f = 4.25, Figure 2). In this energetic scenario, 
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a direct optical population of CT states via laser pumping would seem possible in 

the FC region, eventually evolving toward productive charge-separated states. 

We note that the excited states at the bottom of the band are localized on the 

PCBM (Figure 2) and have very low oscillator strength (f < 0.05). Population of 

these states, for instance via internal conversion (IC) from high-energy states,10, 

33 might lead to localization processes that impede charge separation.34 

For clusters with PCBM in the on-edge configuration (n_T/1_PCBM:e), the 

evolution of the excited-state energies and characteristics differs from the on-top 

cases. When increasing the donor domain size (n = 2, 4), CT states increase in 

number, and their energies decrease until they reach the bottom of the excited 

state band. For the largest cluster, 4_8T/1_PCBM:e, the lowest CT state is at 2.51 

eV, a decrease of 0.67 eV with respect to the dimer model (see Figure 2 and 

Table 1). The strongest dipole-allowed state, localized on the D domain, is at 

3.06 eV (f = 5.7). The enthalpic driving force for populating the lowest CT state is 

E = -0.55 eV, implying a very favorable thermodynamic process in the FC 

region. 

We also considered larger D/A clusters, pushing the limits of our 

computational capabilities at the TDDFT level. Examples of optimized ground-

state structures are reported in Figure 1 and in the Supporting Information, 

namely n_8T/2_PCBM:i, with two PCBM on-top face-to-face (tf) or on-top vertical 

(tv) positions. The presence of a second PCBM neither alters the excited-state 

picture, as previously drawn for smaller clusters, nor significantly changes the 

energy or the character of the excited states (see Table 1 and Supporting 

Information). Similar to the case with one PCBM in on-top configuration, D/A 

interfaces with multiple PCBMs have CT states in the FC region that lie within the 
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optical gap, in quasi-resonance with the dipole-active state (see classifications in 

the Supporting Information).  

In Figure 3 we compare the excited-state energies, the electron-hole density 

maps, and the calculated absorption spectra for three relevant cases of 

polymer/fullerene blends: the pure polymer donor domain, modelled as 4_8T 

cluster, and two kinds of D/A interfaces modeled as oligothiophene clusters with 

one PCBM in the on-top (4_8T/1_PCBM:t) or the on-edge (4_8T/1_PCBM:e) 

configuration. In the donor cluster (4_8T), the LE absorption band arises mainly 

from the strongest dipole-allowed transition in the FC region to the S4 state (3.03 

eV, f = 5.25, Table 1), in which the exciton is spatially delocalized over the 

cluster, as can be seen from the analysis of the electron-hole density map 

(Figure 3). Other low-energy states of 4_8T reported in Figure 3 are S5 (3.06 eV, 

f = 1.05), S3 (2.95 eV, f = 0.00), S2 (2.73 eV, f = 1.11), and S1 (2.71 eV, f = 0.00). In 

each of these states, the electron-hole density distribution is delocalized over the 

cluster.  
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Figure 3 Comparison between three relevant cases: donor cluster – 4_ 8T, D/A 
cluster in the on-top configuration – 4_8T/1_PCBM:t, and D/A cluster in the on-
edge configuration – 4_8T/1_PCBM:e. Top panel: vertical TD-DFT energies, state 
classifications (blue – LD, grey – LA, red - CT), absorption spectra (red for 4_8T, 
grey for 4_8T/1_PCBM:t, black for 4_8T/1_PCBM:e) and optimized structures for 
each case. Bottom panel: electron-hole density maps for LD and CT states that 
are relevant for understanding the photovoltaic processes (electron – red, hole - 
blue). 

 

In the D/A cluster with PCBM in the on-top configuration (4_8T/1_PCBM:t) 

the strongest transition is to S13 (3.02 eV, f = 4.25), in which the electron-hole 

density distribution is mainly located on the donor chains, therefore classified as 

LD. S13 corresponds to the bright state S4 of the donor domain 4_8T. The first CT 

state (S16) in 4_8T/1_PCBM:t lies slightly above S13 (S16 = 3.07 eV, f = 0.3, Table 

1) and is characterized by a net electron-hole separation, with the hole being 

delocalized over the oligothiophene chains closest to the PCBM, while the 

electron is on the PCBM. The first excited state at the bottom of the band (S1 = 

2.56 eV, f = 0.00) is instead localized on the acceptor, therefore classified as LA 
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(Figure 3). On the contrary, for the cluster with PCBM in on-edge configuration 

(4_8T/1_PCBM:e), the strongest transition is to S23 (3.06 eV, f = 5.72), which is 

similar in energy and character to S13 of 4_8T/1_PCBM:t, and to S4 of 4_8T. The 

manifold of CT states, in particular the one at the bottom of the band (S1 = 2.51 

eV, f = 0.01) and the first one below the active state (S21 = 3.04, f = 0.18), see 

Figure 3, have spatially separated hole-electron densities, which are localized on 

the oligothiophene and PCBM domains, respectively.  

Different from the on-top configuration, the first CT state is stabilized at the 

bottom of the band in the on-edge configuration. From the analysis of the 

electron-hole density distributions, we see that for the on-top configuration, the 

hole density is localized on the polythiophene chain which is closest to the PCBM, 

while for the on-edge configuration the hole density is delocalized inter-

molecularly across the polythiophene chains, over the whole cluster. This higher 

degree of delocalization causes the CT states to be stabilized and pushed below 

the bright state in the on-edge case (Figure 2 and Figure 3). 

In this frame, we can rationalize the photophysical mechanisms ruling the 

photovoltaic processes in polymer/fullerene systems and deduce general 

structure-property guidelines. In Scheme 1 we sketch the morphology, the 

excited-state energy diagram, the absorption spectrum and possible photo-

deactivation pathways for generic on-top and on-edge polymer/PCBM interfaces, 

similar to those modeled in this study (Figure 1, Figure 2 and Figure 3). 



 14 

 

Scheme 1 Sketches of polymer/fullerene-like D/A domains in the on-top and on-
edge configurations, together with a representation of the excited-state energies, 
the state classifications, and absorption spectra as derived from our 
computational investigation. Schemes of possible deactivation mechanisms are 
also indicated, with kLE and kCS denoting the transfer rate to the localized exciton 
(LE) and the charge separated (CS) state, respectively. 
 

When the PCBM is on-top of the polymer domain, CT states lie within the 

optical gap (in quasi-resonance with the bright LD states), and thus they can be 

directly populated (e.g. by laser pump). Thereafter, two pathways are possible: 

1) the electron and hole can further spread out, driven by nuclear dynamics10-11, 

35 or by a favorable repulsive electrostatic potential,18a as possibly induced by 

crystalline phases or -electron delocalization,8 leading to an effective charge 

separation process, or 2) IC can occur,35b transferring the excitation to 

unproductive localized states (LA on PCBM) at the bottom of the band. The latter 

can be interpreted as a loss mechanism leading to geminate recombination. 
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In the case of an on-edge PCBM configuration, the dipole-allowed excited 

state(s) and, consequently, the absorption spectrum are similar to the on-top 

case but the underlying excited-state electronic structure of the interface is 

different. The CT states are now spread throughout the band, affecting the 

photophysical properties. Similarly to the on-top case, the photovoltaic 

mechanisms can involve: 1) direct optical population of CT states13 or 2) IC 

processes.10, 35b However, contrary to the on-top case, the IC processes (i.e. 

thermalization) can be productive in the on-edge configuration, because the 

states at the bottom of the band have CT character, possibly leading to charge 

separation. This scheme not only suggests a possible interpretation of the charge 

generation mechanism upon photoexcitation below the optical gap (i.e. cold 

charge generation), but also provides a justification for the observed delayed 

charge separation as coming from relaxed CT states at the interface.7, 16b 

We consider our findings relevant because we can now explain the long-

debated OPV charge generation processes at the atomistic level.2a, 6, 26 The 

simultaneous presence of mixed on-top and on-edge phases in the morphology 

does not alter the optical absorption spectrum of the blend but does affect the 

nature of the excited states at the interface, and consequently the photophysics. 

Observed phenomena such as i) the simultaneous charge generation obtained 

from above (hot)9 and below (cold) optical-gap excitation,7, 36 ii) the 

instantaneous and delayed charge separation, as caused by exciton-diffusion 

limited charge generation or slow separation of CT states,16b and iii) the pump-

push-probe charge generation, i.e. charges extracted after re-excitation (push),1 

can now be rationalized based on our computations, by taking into account the 

excited states of both the on-top and on-edge configurations, at the same time. 
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Regardless of the computational methods used and the D/A systems studied, our 

conclusions are general and, furthermore, they go beyond the molecular dimer 

paradigm, by accessing a manifold of excited states for the description of the 

photophysics of microscopic D/A clusters. We believe that these model clusters 

can be considered as realistic interfacial domains for the description of 

polymer/PCBM photovoltaic processes and that they can be used in the future, in 

combination with embedding methodologies (e.g. QM/MM), to further explore 

the effects of the environment on the excited states37 in extended, realistic, 

organic/organic interfaces. 
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