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ABSTRACT: High-performance solar cells demand 
efficient charge-carrier excitation, separation, and 
extraction. These requirements hold particularly true 
for molecular photovoltaics where large exciton 
binding energies render charge separation challenging 
at their commonly complex donor-acceptor interface 
structure. Amongst others, charge-transfer states are 
considered to be important precursors for exciton 
dissociation and charge-separation. However, the 
general nature of charge-transfer (CT) excitons and 
their formation pathways remain unclear. Layered 
quasi-planar crystalline molecular heterostructures of 
the prototypical donor-acceptor system pentacene-
perfluoropentacene studied at cryogenic temperatures are a paramount model system to gain insight into the underlying 
physical mechanism. In particular, a detailed experiment-theory analysis showsthat exciton diffusion in unitary films 
influences the formation efficiency of CT excitons localized at internal interfaces for these conditions. The correlation of 
the structural characteristics, i.e., the molecular arrangement at the interfaces, with their absorption and photoluminescence 
excitation spectra is consistent with exciton transfer from pentacene to the charge-transfer exciton state only, whereas no 
transfer of excitons from the perfluoropentacene is detected. Electronic structure calculations of the model systems and 
investigation of coupling matrix elements between the various electronic states involvedsuggest hampered exciton 
diffusion towards the internal interface in the perfluoropentacene films.The asymmetric energy landscape around an 
idealized internal donor-acceptor interface thus is identified as a readon for asymmetric energy transfer. Thus, long-range 
effects apparently can influence charge separation in crystalline molecular heterostructures; similar to bandgap bowing 
which is well established for inorganic pn-junctions. 
KEYWORDS: Organic semiconductor, molecular donor-acceptor pair, charge-transfer exciton, energy transfer, light matter in-teraction 
interaction 
  
 INTRODUCTION 

The microscopic characterization of organic p-n 
heterojunctions based on molecular donor-acceptor 
pairs remains a challenging topic in current research 
despite their well-proven usage in novel device 
applications.(1-3) The versatility of synthetic chemistry 
provides numerous material systems ranging from small 
molecule donor-acceptors pairs to conjugated polymer 
blends.(4,5) Many are targeted at organic photovoltaics 
(OPV) as perhaps one of the most important fields of 
application.(6,7) However, optical excitation of such 
molecular solids leads to the formation of charge-neutral 
excitons rather than the creation of free charge carriers 
due to the usually large exciton binding energies. As 
neutral particles cannot contribute to charge-current 
generation, this binding energy needs to be overcome 
for efficient current harvesting in photovoltaic devices. 
Charge-transfer (CT) excitons at the donor-acceptor 
interface, with the electron being transmitted to the 
acceptor moiety and the hole residing on the donor 
molecule, are prime candidates to help overcome this 

Figure 1 Schematic visualization of possible indirect excitation 
pathways for a CT exciton at the donor-acceptor interface 
according to the currently established CT exciton picture. 
Panel (a) displays a scheme of an optical excitation in the donor 
level, with subsequent relaxation of the electron in the 
(formerly) donor LUMO across the interface via internal 
conversion (IC). The case for an excitation in the acceptor layer 
is shown in panel (b). Here, the hole in the donor HOMO 
relaxes across the interface to form the charge-transfer exciton.
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energy barrier. While the process of CT exciton 
dissociation has been widely studied in many different 
ways,(2,7-12) the microscopic processes of CT exciton 
formation is less well investigated. Yet, understanding 
the mechanism leading to the population of charge-
transfer exciton states is of crucial importance for 
attempts to enhance the performance of solar 
cells.(10,11,13-16) In a classical picture, the binding 
energy of these interfacial exciton states is frequently 
described by the energy difference between the highest 
occupied molecular orbital (HOMO) of the donor and 
lowest unoccupied molecular orbital (LUMO) of the 
acceptor molecule (sometimes referred to as hetero 
HOMO-LUMO),(14-16) with some corrections due to 
Coulomb interactions of both charge carriers, and the 
polarization of the crystal lattice. Sufficiently lowered 
exciton binding energies can be achieved by suitable 
alignment of the frontier orbitals of the constituting 
molecules at the interface. This should allow for efficient 
charge separation and, therefore, would enable current 
harvesting in OPV devices.(14-17) Thus, a high 
conversion rate from initial optical excitations to such 
CT-excitons appears to be desirable for high device 
efficiencies. However, the detailed nature of CT exciton 
states and their formation pathways remain generally 
unclear. In principle, such states can be populated either 
by electron transfer from the donor, by hole transfer 
from the acceptor or by a combination of both. 
Therefore, a thorough investigation of all states involved 
is necessary to draw more definite conclusions. The 
formation via electron-transfer after an initial excitation 
of the donor molecule (Figure 1a) is often discussed in 
the literature.(14-18) However, the hole-transfer from 
excited acceptor molecules (Figure 1b) is an equivalent 
pathway for the creation of CT-excitons,(12,19) 
especially when considering that many molecular solids 
discussed for applications in solar cells are p-type 
semiconductors.(19-21) Experimentally, it is challenging 
to determine which process prevails as CT-excitons 
commonly display characteristically low oscillator 
strength. This typically renders absorption-type optical 
measurements to be no viable option. In addition, low-
energy tails of much more intense higher-lying 
resonances, e.g., transitions attributed to exciton 
resonances of the respective unitary donor and acceptor 
materials my obscure the observation of CT excitons. 
 
 RESULTS AND DISCUSSION 

In this work, we investigate the formation pathways of 
CT-excitons at the model crystalline donor-acceptor 
interface of pentacene-perfluoropentacene (PEN-PFP) 
by a combination of advanced experimental and 
theoretical techniques. More specifically, we compare 
the one-photon photoluminescence excitation (PLE) 
and absorption spectra of three different PEN-PFP 
heterostructures with different molecular alignment at 
the interface at cryogenic temperatures. The emission 

and exciton dynamics of these samples have been 
reported in our previous work.(22) The high sensitivity 
of PLE-spectroscopy allows us to examine both, the 
absorption energy of the CT-state itself as well as the 
coupling of all observed absorption features to the CT-
exciton system and, thereby, to obtain complementary 
information on its formation process. The PLE spectra 
in this work are obtained by measuring the 
photoluminescence intensity of the CT exciton 
depending on the photon energy of the exciting laser. 
The PLE signal intensity is given by:  

𝐼PLE(𝐸ex) ∝ 𝛼(𝐸ex) × 𝛾 × 𝑃rad × 𝐼ex(𝐸ex), (1) 
where  is the absorption efficiency at the 
excitation energy  is the relaxation efficiency from 
the absorbing state to the emissive state, Prad is the 
radiative efficiency of the emitting state, and  is 
the excitation intensity. Generally, Prad is assumed to be 
independent of the excitation energy. Hence, any 
differences between the relative intensity of peaks 
observed in PLE and absorption are attributed to the 
coupling between the absorption and the CT-exciton 
state. (23) 

Figure 2a displays structural schematics of the 
investigated molecular heterostructures. The molecules 
adopt either a standing or a lying molecular orientation 
at the internal interface. The former resembles an end-
on molecular arrangement of the interface molecules, 

Figure 2 (a) Schematic depiction of the samples’ arrangement 
of the three studied heterosystems. (b, c) Comparison of the 
absorption (grey) and PLE (color) spectra for the standing 
(red) heterostack and the lying (blue) heterostack at 20 K 
lattice temperature. The central detection wavelength for all 
measurements is 1.37 eV (900 nm,). (d) Detailed view of the 
PLE spectra of the two heterostack samples in the low-energy 
region (shaded area in panels b and c). Lorentzian functions 
(solid lines) have been fitted to the experimental data (dots) in 
order to determine the respective peak areas A.  
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whereas the latter displays a predominantly face-on 
alignment at the interface. (22) The structural details at 
the internal interface are as of yet unknown. Indications 
for a herringbone-type alignment in the lying heterostack 
are reported,(24) while the recent grazing incidence X-
ray diffraction study of a 1:1 blend of PEN: PFP finds a 
-stack arrangement between PEN and PFP (25). The 
latter suggests that this motif can feature also in lying 
heterostacks while the former may potentially be the 
dominating motif directly at the interface or develops 
within the initial few layers of the bulk region. 

For the sake of simplicity, we refer to these sample 
arrangements depicted in Figure 2a as standing 
heterostack and lying heterostack throughout the 
manuscript. In both cases, a PFP layer of 20 nm 
thickness has been grown on top of 20 nm of PEN. In 
addition, we also investigate an intermixed blend of both 
molecules in an equimolar ratio, in the following referred 
to as bulk heterojunction consistent with Ref. 22. Here, 
the molecules adopt an upright molecular orientation 
(total thickness 40 nm) with respect to the substrate with 
a -stack packing motif within the layers (25). 
PL from the interfacial CT state of PEN-PFP 
heterostructures upon excitation with UV-light (3.1 eV) 
has been previously reported at emission energies of 
1.37 eV and 1.35 eV for standing and lying heterostacks, 
respectively.(22) Here, we take advantage of the high 
sensitivity of PLE measurements to determine the 
absorption energies related to the CT excitons. The 
corresponding PLE spectra are depicted in Figure 2b 
and c. The detection window for the PLE spectra has 
been chosen to match the maximum of the CT emission 
from the heterostacks. Figure 2d displays a detailed view 
of the PLE spectra near the expected CT transition. 
Indeed, a distinct resonance at around 1.54 eV (1.53 eV) 
is observed in the PLE spectra of the standing (lying) 
heterostack. These values are in good agreement with 
the CT state energies reported for bulk 
heterostructures.(26-28) In contrast to the PLE spectra, 
the linear absorption spectra given in Figure 2b and c 
(grey curves) show no indication of a CT state below the 
fundamental PFP resonance found at 1.75 eV (1.69 eV) 
in the standing (lying) heterostack. The CT signals’ 
intensity is assumingly below the sensitivity of our 
absorption setup. 

Our accompanying theoretical description (see 
section Materials & Methods for details of the different 
computational approaches) supports both, the 
assignment of the observed resonance to an interfacial 
CT state and its experimentally determined energy. 
Kohn-Sham orbital energies of PEN and PFP are 
strongly influenced by intermolecular interactions, 
which are most pronounced in the π-stacked molecular 
orientation. To mimic the situation at the interface 
theoretically, we arrange an increasing number of 
molecules in a π-stack, starting with a hetero dimer, up 
to an energy-optimized hexamer structure (see 

Supporting Information for structural data). The energy 
of the CT state at the interface, when estimated based 
on Kohn-Sham orbital energies of the interfacial donor-
acceptor pair, seems to converge slowly as more and 
more molecules are added to the model. Via 1.55 eV 
(hetero dimer) and 1.41 eV (hetero tetramer), an 
estimated hetero HOMO-LUMO gap energy of 1.37 eV 
is obtained in the hetero hexamer. This energy sequence 
of the different absorption signals is also well confirmed 
by computed energy expectation values of the excited 
states. For their computation we have used a non-
orthogonal generalized group function (NOGF) ansatz, 
which is an ab-initio antisymmetrized direct product 
wavefunction approach (29,30), where the excitation 
was localized to either the PEN or the PFP monomer, 
as described in the section Materials & Methods. The 
resulting excitation energies with respect to the 
excitation localized at the PFP monomer are given as the 
diagonal matrix elements in Tables 1 to 3.  

We compare quantitatively the experimental PLE 
signal strength related to the CT exciton for the different 
molecular orientations at the interface to facilitate a 
more detailed understanding of the electronic coupling 
situation at the internal interface. The ratio of the peak 
areas of the lying and standing heterostacks 
𝐴lying 𝐴standing⁄ = 3.2 is in good agreement with the 
results from our previous work.(22) There, we find the 
intensity of the CT PL to be increased by a factor of 
three in the case of the lying heterostack. Hence, no 
additional recombination channels are present for the 
CT exciton, as its absorption and PLE signatures show 
similar intensity ratios. The increase of intensity in the 
lying arrangement is qualitatively confirmed by the 
transition probabilities resulting from the squared 
electric transition dipole moments 𝜇ଶ of the CT-state 
calculated within time-dependent density functional 
theory (TDDFT). For this, an end-on heterodimer is 
used to mimic the structure at the interface in the 
standing heterostack, whereas two alternate 
arrangements, a -stacked and a herringbone 
heterodimer, are chosen as possible alignments 
representing the interface of the lying heterostack. The 
calculation yield ratios of |𝜇గିstacked|

ଶ |𝜇end-on|
ଶ⁄ =

15.2 and ห𝜇herringboneห
ଶ
|𝜇end-on|

ଶൗ = 3.8 using the 
energy-optimized heterodimer structures shown 
schematically in Figure 3. 

|𝜇గିstacked|
ଶ ห𝜇herringboneห

ଶ
ൗ |𝜇head-to-tail|

ଶNext, we 
investigate the coupling of the different higher lying 
electronic states to the CT state. Therefore, we compare 
PLE spectra of the layered heterostacks with the 
respective absorption measurements. The absorption 
spectra in Figure 2b and c (grey curves) show 
pronounced features corresponding to the exciton 
resonances in the PEN and PFP layers, respectively. The 
exciton resonances are found at 1.75 eV (PFP) and 
1.85 eV (PEN) for the standing heterostacks, while 
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slightly shifted to lower energies of 1.69 eV (PFP) and 
1.82 eV (PEN) in the lying heterostacks (cf. Ref. 22). 
Intriguingly, the PLE spectra for the CT emission taken 
in both heterostacks lacks a feature at energies associated 
with the lowest-energy PFP exciton resonance, whereas 
a resonance is clearly observed at energies associated 
with the lowest-energy absorption line in PEN. 
Consequently, the relaxation efficiency  from the 
absorbing state to the emissive CT state must be 
vanishingly small for excitation energies resonant to the 
lowest-energy PFP exciton transition. This apparently 
asymmetric energy transfer at the internal interface calls 
for an investigation of the underlying microscopic 
mechanisms as PLE data and  are just macroscopic 
observables. 

Therefore, we test different hypotheses for the 
absence of the PFP exciton related features in the PLE 
spectra in the following: one option may be that the 
PFP-related excitations might be decoupled from the 
CT state due to a lack of the hole-transfer illustrated 
schematically in Figure 1b. While there could be an 
energetic argument in the standing heterostack, see 
below, this hypothesis appears unlikely as a general 
explanation. Our theoretical considerations provide no 
plausible argument, which could indicate the general 
disadvantage of an internal conversion related to hole 
transfer compared to electron transfer. PEN is an 
alternant hydrocarbon, and when PFP is considered as 
an inductively perturbed PEN in a simplified Hückel 
molecular orbital (HMO)-type of interpretation, their 
HOMO-LUMO gaps are expected to deviate only in 
second order HMO perturbation theory (cf. Ch. 2.4.1 in 
Ref. 31). The energy gap between donor HOMO and 
acceptor LUMO, in contrast, deviates much stronger 
and is also smaller than the HOMO-LUMO gap in the 
donor molecules and the gap between the frontier 
orbitals of the acceptor molecules. The formation of the 
CT state is thus feasible by energy considerations from 
both, the PEN exciton and the PFP exciton. The 
exception is the standing hetero stack, in which the 
charge separation over a large distance could 
energetically disfavor the CT state, as found for the 
model dimer structure (see Table 1 and description 
below). 

 

Another explanation for the observed asymmetry 
could be a significantly different electronic coupling 
situation. To test this hypothesis theoretically, the matrix 
V is calculated in the NOGF approach described in the 
Computational Methods. V is given in Tables 1 to 3 for 
the three intermolecular orientations shown in Figure 3. 
The off-diagonal elements Vij (i ≠ j) are coupling matrix 
elements, quantities related in a generalized way to the 
well-known charge-transfer integrals, and their squares 
are proportional to the transition rate (cf., e.g., Ref. 32). 
Here, we calculate Vij for transitions between initial 
excitation configurations localized in the respective 

acceptor and donor molecules, ห𝛷Pen
(0)
𝛷PFP

(*)
ൿ and 

ห𝛷Pen
(*)
𝛷PFP

(0)
ൿ, as well as for the final CT configuration 

ห𝛷Pen
(+)
𝛷PFP

( - )
ൿ. The diagonal elements Vii are the energy 

expectation values of these configurations. Coupling of 
the two former localized states to the CT configuration 
is, although changing significantly in magnitude for 
different molecular orientations, always of similar order 
of magnitude for the two excitation localized in PEN or 
PFP. Hence, there is no indication for decoupling of 
PFP excitations from the CT exciton system for the 
dimer structures employed herein. It is known, however, 
that the transfer integrals depend on the specific 
molecular arrangement (33). Since the structure of the 
co-crystal of the blend of PEN and PFP became recently 
available, we also calculated the coupling for the -
stacked dimer taken from the crystal structure, which 
also provide no support for the discussed decoupling. 
Table 1. Matrix V containing the calculated energy expectation 
values and electronic coupling matrix elements of the end-on 
molecular orientation. All energies are given in eV and in 
reference to one of the excited configurations. 

 

 
ห𝛷Pen

(0)
𝛷PFP

(*)
ൿ ห𝛷Pen

(*)
𝛷PFP

(0)
ൿ ห𝛷Pen

(+)
𝛷PFP

( - )
ൿ 

ൻ𝛷Pen
(0)
𝛷PFP

(*)
ห 0 −2.2 × 10ିଷ 1.7 × 10ିସ 

ൻ𝛷Pen
(*)
𝛷PFP

(0)
ห −2.2

× 10ିଷ 
1.1 × 10ିଵ −1.6 × 10ିସ 

ൻ𝛷Pen
(+)
𝛷PFP

( - )
ห 1.7 × 10ିସ −1.6 × 10ିସ 4.5 × 10ିଶ 

 
Table 2. Matrix V containing the calculated energy expectation 
values and electronic coupling matrix elements of the 
herringbone molecular orientation. All energies are given in eV 
and in reference to one of the excited configurations. 

 
ห𝛷Pen

(0)
𝛷PFP

(*)
ൿ ห𝛷Pen

(*)
𝛷PFP

(0)
ൿ ห𝛷Pen

(+)
𝛷PFP

( - )
ൿ 

ൻ𝛷Pen
(0)
𝛷PFP

(*)
ห 0 6.8 × 10ିଶ 1.4 × 10ିଶ 

ൻ𝛷Pen
(*)
𝛷PFP

(0)
ห 6.8 × 10ିଶ 1.1 × 10ିଵ 1.4 × 10ିଶ 

ൻ𝛷Pen
(+)
𝛷PFP

( - )
ห 1.4 × 10ିଶ 1.4 × 10ିଶ −7.1 × 10ିଵ 

 
Table 3. Matrix V containing the calculated energy expectation 
values and electronic coupling matrix elements of the π-
stacked molecular orientation. All energies are given in eV and 
in reference to one of the excited configurations.  

Figure 3: Molecular alignment of the dimers as obtained 
from structure energy-minimization and used in the 
computation of coupling matrices V given in Table 1 (red, 
end-on), 2 (blue, herringbone), and 3 (black, -stacked), 
together with schematic representations in insets. 
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 ห𝛷Pen
(0)
𝛷PFP

(*)
ൿ ห𝛷Pen

(*)
𝛷PFP

(0)
ൿ ห𝛷Pen

(+)
𝛷PFP

( - )
ൿ 

ൻ𝛷Pen
(0)
𝛷PFP

(*)
ห 0 8.8 × 10ିଶ 4.8 × 10ିଶ 

ൻ𝛷Pen
(*)
𝛷PFP

(0)
ห 8.8 × 10ିଶ 1.0 × 10ିଵ −7.6 × 10ିଷ 

ൻ𝛷Pen
(+)
𝛷PFP

( - )
ห 4.8 × 10ିଶ −7.6 × 10ିଷ −7.4 × 10ିଵ 

 
As third hypothesis, we thus consider the electronic 

situation at and around the interface, which is described 
by the excitation energies of the lowest PEN and PFP 
excitons in our hexamer model for the layered 
heterostack. Here, we introduce two models of varying 
complexity; both find significant differences in the 
transfer of excitons towards the interface between PEN 
and PFP. The first one is straight forwardly based on the 
molecular orbital energies of three PEN and three PFP 
molecules being in a π-stacked arrangement. Figure 4a 
schematically depicts the resulting HOMO-LUMO 
gaps. They suggest a downhill slope of the energies 
associated with the exciton state away from the interface 
towards the unitary films for PFP, whereas the 
corresponding slope nearly vanishes or is slightly 
downhill towards the interface on the PEN side. This 
effect appears similar to band-bending.(34) 

The corresponding energy gradient on the PFP side 
acts as an activation barrier (EBarrier) for exciton diffusion 
towards the interface region. At cryogenic temperatures, 
the thermal energy is expected to be less than the energy 
barrier for PFP, effectively confining PFP excitons to 
the bulk of the PFP layer. Consequently, only those PFP 
excitons created directly at the interface are able to relax 
to the CT state. In the case of PEN, the lacking energy 
barrier would allow the excitons created in the bulk to 
diffuse to the interface and, thus, populate the CT state. 
As the vast majority of excitons are created in the unitary 
films of the sample, and not directly at the interface, the 
PFP excitons cannot contribute significantly to the 
measured CT PL signal. 

 

 
Figure 4 Schematic depiction of the energy level alignments 
for the lowest energy exciton states at the PEN-PFP interface, 
in the layered heterostacks (a) and the intermixed bulk 
heterojunctions (b).  

 
A more elaborate theoretical description of the 

electronic structure shows that the energy barrier for the 
PEN layer may even vanish: we calculate diabatic 
excitation energies using the same approach of localized 
states as for the coupling matrices. Unitary films and 

interface regions are simulated by extending the dimer 
antisymmetrized product wave functions of Eq. (2) to a 
one dimensional π-stacked hexamer model 
ห𝛷Pen1

௠1 𝛷Pen2

௠2 𝛷Pen3

௠3 𝛷PFP4

௠4 𝛷PFP5

௠5 𝛷PFP6

௠6 ൿ as prescribed by 
Eq. (3) (see Materials & Methods). Here, the monomer 
at index i is in the electronic state mi with 1 ≤ i ≤ 6. To 
model the movement of the exciton from the unitary 
layer to the interface, the states are prepared such that 
the excitation is localized on the k- ⁠th monomer. Then, 
mk is the first excited singlet state and mi the electronic 
ground state for all i ≠ k. These results also indicate an 
activation barrier for PFP, which is of similar magnitude 
as for HOMO-LUMO energy differences schematically 
shown in Figure 4b. For PEN, however, this model 
predicts a slight decrease in energy for the excitation 
localized at the PEN monomer positioned directly at the 
interface. This indicates a transfer of excitation from the 
unitary PEN film to the interface without activation 
barrier (see Supporting Information for details on the 
results of both theoretical approaches and the results for 
a further extended dodecamer model system). Thus, our 
results suggest that different diffusion properties of the 
excitons from the two unitary film regions to the 
interface could serve as an explanation for the 
asymmetric energy transfer, evidenced by the absence of 
the PFP exciton resonance in the PLE spectra.  

To provide further evidence for hampered diffusion, 
we now turn to the bulk heterojunction. As shown 
previously, both molecules adopt a perfect intermixture 
with a cofacial stacking of PEN and PFP molecules in 
such equimolar blends (25) (cf. Figure 2a). In the present 
case, the molecules adopt an upright molecular 
orientation (total thickness 40 nm) with respect to the 
quartz substrate. The hypothesis of hampered diffusion 
is reinforced by investigation of such bulk 
heterojunctions: a perfectly intermixed sample 
resembles the case of infinite interfaces, as the unit cell 
should consist of equal number of molecule of each 
type. Consequently, the population of the CT state 
should be independent of diffusion properties, as both 
PEN and PFP excitons can reach the molecular 
heterointerface without prior diffusion, as illustrated 
schematically in Figure 4b. Figure 5a gives the low-
temperature PL spectrum of the bulk heterojunction 
along with the PL spectra of unitary samples of PEN 
and PFP, respectively. All data have been obtained under 
rigorously comparable experimental conditions. The 
spectrum of the bulk heterojunction sample shows no 
emission related to the unitary phases of PEN and PFP. 
Only the CT PL at 1.4 eV and a shoulder at 1.55 eV is 
observed, much lower in energy than the main emission 
lines of the so-called free exciton (FX) at 1.82 eV, the 
emission frequently ascribed to a self-trapped exciton 
(STX) at 1.65 eV of the standing PEN film, and the 
corresponding PFP free exciton at 1.71 eV. (22) This is 
consistent with the formation of a new crystal structure 
and the formation of the associated electronic band 
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structure. (25) Regardless, in a simplistic view, emission 
related to unitary PFP should be observable in the PL of 
the bulk heterojunction if PFP excitations were 
decoupled from the CT state; however, this emission is 
not observed in our experiments. It should be noted, 
however, that the signal attributed to unitary PFP also 
vanishes in the standing heterostack (22), which would 
be consistent with the calculated increase in CT state 
energy for the model dimer system with end-on 
arrangement (see Table 1). 

Additionally, the effect would also be observable 
when comparing the PLE spectra and the absorption 
measurements of the intermixed bulk heterojuntion; 
Figure 5b provides the respective data. Although the 
individual resonances have not been assigned to the 
different electronic states with full certainty to date, the 
data still provides valuable information: all peaks 
observed in the absorption spectrum are reproduced in 
the PLE spectrum, confirming efficient coupling to the 
CT state. This is true for all resonances in the intermixed 
sample, regardless whether they might be related to PEN 
or PFP. Only at higher excitation energies, above 2.1 eV, 
the PLE signal decreases compared to the absorption 
data. This indicates that the competition between 
radiative and non-radiative decay strongly depends on 
the excess excitation energy deposited to the system. 
Regardless of these aspects, our findings indicate 
efficient coupling of PFP excitons to the CT state, which 
reinforces the hypothesis of hampered diffusion in the 
layered heterostacks.  

 

 
Figure 5. (a) PL spectrum of the intermixed sample (black) 
recorded at 4 K lattice temperature and excited at 3.1 eV. For 
reference, spectra of uprightly orientated unitary PEN (grey) 
and PFP (green) films of 20 nm thickness obtained under the 
same experimental conditions are also given. The PL spectra 
are taken from our previous study.(22) (b) Comparison of the 
absorption (grey) and PLE (black) spectra for the intermixed 
bulk heterojunction of uprightly oriented molecules with a 
total thickness of 40 nm.  

 
 
 CONCLUSIONS 

In conclusion, our work shows an intriguing asymmetric 
energy transfer in different model PEN-PFP 
heterostacks. Decoupling of excitons in PFP films and 

the CT exciton at the interface is excluded as origin of 
the asymmetry by means of different quantum chemical 
calculations and detailed spectroscopic investigations of 
the bulk heterojunctions. Instead, the hypothesis of 
hampered diffusion of excitons in unitary PFP films to 
the internal interface region suggested by different 
theoretical models supports the various experimental 
spectroscopic observations in heterostacks as well as 
control experiments on intermixed bulk heterojunctions. 
These findings underline the crucial role played by 
internal interfaces between molecular semiconductor 
materials and the particular need for a thorough 
understanding of the underlying interfacial electronic 
coupling situations in molecular heterojunctions. The 
underlying physical mechanisms behind such effects are 
not immediately obvious, neither from an energy nor 
from a coupling-based perspective alone. Hence, they 
provide an example of the challenges involved in the 
study of molecular p-n heterojunctions, and how they 
can be overcome. This highlights the importance of a 
multifaceted combined experimental and theoretical 
approach under idealized conditions such as idealized, 
crystalline structures studied under cryogenic conditions 
structures to reveal the electronic structure and 
excitation dynamics at organic interfaces in general. 
 
 EXPERIMENTAL SECTION 
Sample Preparation. The PEN (Sigma-Aldrich) and PFP 

(Kanto Denka Kogyo Co.) films are grown under high-vacuum 
conditions by molecular-beam deposition from resistively 
heated Knudsen cells. The molecular flux during film growth 
is monitored by a quartz crystal microbalance and typically 
balanced at 6 Å/min. Unitary films with upright molecular 
orientation are prepared on quartz substrates. Here, the 
crystalline PEN films adopt the thin-film phase, while PFP 
crystallizes in the bulk polymorph.(35,36) In contrast, acene 
films reveal a lying molecular orientation on graphene-covered 
quartz (21,37) like in the case of graphite substrates.(38) In this 
case, PFP crystallizes in a -stacked polymorph where all 
molecules are slip-stacked with their molecular plane parallel 
to the substrate surface.(21) PEN crystallizes in the Siegrist 
phase (39) on graphene and reveals (02̄2̄) and (12̄1̄) oriented 
films where the long axis of the molecules are oriented 
essentially parallel to the substrate surface.(38) Mixed bulk 
heterostructures (blends) are prepared by simultaneous 
deposition (“codeposition”) of PEN and PFP with equimolar 
stoichiometry onto a quartz substrate yielding well intermixed 
blends where all molecules reveal an exclusive upright 
orientation. Heterostacks of upright and lying molecular 
orientation with high degrees of uniformity and crystallinity are 
achieved by first growing uniformly oriented PFP films on the 
various substrates, which are then used as template for the 
subsequent growth of PEN layers. As demonstrated in 
previous work, this concept of inheriting molecular orientation 
allows the fabrication of heterostacks with uniform molecular 
orientation and well-defined interfaces.(40) The films are 
prepared with nominal thicknesses of 20 nm for the unitary 
films and 40 nm for the heterostructures (in each case with 
stoichiometric mixture of both constituents). The substrates 
are kept at room temperature during film preparation to 
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minimize molecular intermixture at the interface for the 
layered heterostructures.(28) All film structures are verified by 
X-ray diffraction analyses.  

Spectroscopic methods. A Ti:sapphire laser oscillator 
emitting 30-fs pulses at a repetition rate of 80 MHz at a 
wavelength of 800 nm is used to pump a photonic crystal fiber 
(PCF). The PCF generates a white-light supercontinuum 
covering the entire visible and near-infrared spectral regions 
with a total output power of 150 mW. Continuously tunable 
excitation wavelengths are achieved by dispersing the 
supercontinuum with a home-built prism monochromator 
yielding a spectral resolution of 1 nm. The monochromatic 
excitation light is focused to a spot size of 150 µm. The sample 
is mounted in vacuum in a helium closed cycle cryostat and is 
cooled to 20 K. The emitted PL light is collected by a large 
numerical aperture optic. A grating spectrograph (320 mm 
focal length) is used for dispersion of the PL and detection is 
performed with a charge-coupled device cooled to 200 K. A 
small portion (~ 4 %) of the excitation light is guided towards 
a calibrated Si-photodiode and excitation power is monitored 
throughout the data acquisition process. Collected data are 
corrected for excitation power and spectral response of the 
detection scheme. From the obtained 2D data transients from 
different detection wavelength regions can be extracted and 
yield the presented PLE spectra. Absorption measurements 
have been performed in transmission geometry using the PLE 
setup, replacing the exciting laser with a tungsten halogen 
lamp. The light is focused on the sample to a spot size of about 
150 µm. The measured transmission spectra have been 
referenced against a part of the substrate of each individual 
sample with no PEN-PFP coverage. The absorption is given 
by A = 1 – T = 1 – (Isample – Ibackground) / (Ireference – Ibackground). 

Computational Methods. To obtain molecular structures 
and orbital energies, the monomeric building blocks PEN and 
PFP as well as hetero dimers, tetramers and hexamers as 
models for the layered heterostuctures and intermixed bulk 
heterojunction are investigated with the program Turbomole 
7.0 (41) on the level of DFT (B3-LYP) (29,42-45) using the 
def2-TZVP basis set.(46) Numerical integrations are 
performed on an m4 level grid for the dimers, whereas the m3 
level grid is selected for the tetramer and hexamer structures. 
The self-consistent field convergence criterion is chosen to be 
10-6 Eh. The structures have been energy-minimized up to a 
gradient norm below the convergence criterion of 10-4 Eh/a0 
for all systems besides the hexamer, for which this criterion has 
been relaxed to 10-3 Eh/a0. TDDFT calculations are performed 
with the program ORCA(47) using the long-range corrected 
hybrid functional CAM-B3LYP(48) and the def2-TZVP basis 
set.(46) 

Various dimer arrangements are energy-minimized on the 
DFT level. Assuming a similar orientation as in PEN and PFP 
bulk structures, π-stacked, herringbone and head-to-tail 
arrangements are chosen for further investigation of coupling 
matrix elements, even though it is known that the structure of 
the lying heterostack should probably be described as an 
intermediate between the well-known π-stacked and 
herringbone motif.(40) All structures exceeding the dimer 
model were composed in π-stacks, as this arrangement has 
largest intermolecular overlap between electronic wave 
functions of the building blocks and therefore the strongest 
coupling effects.  

Beyond the simple molecular Kohn-Sham orbital model, we 
use an ab-initio wave function approach for the calculation of 

the coupling matrix elements presented in Table 1 to 3. 
Antisymmetrized product wave functions |𝛷఑⟩ are constructed 
that consist of independent monomer wave functions |𝛷M

௠⟩, 
of the systems 𝑀 = 𝐴, 𝐵, 𝐶, … in localized states 𝑚 =
𝑎, 𝑏, 𝑐, … with 𝜅 = 𝐴𝑎, 𝐵𝑏, 𝐶𝑐, … denoting the selection of 
systems and states.(49,50) Since monomer wave functions are 
in this scheme not influenced by each other, this approach can 
be used to build up systematically the bulk and interface 
regions. Our specific concept and implementation will be 
described in detail elsewhere. To outline briefly some of the 
general ideas: The interface is modeled as a dimer to compute 
the coupling matrix elements and as a one dimensional π-
stacked hexamer to determine diabatic excitation energies. The 
states contributing to the coupling matrix are selected to 
m#odel the interface characteristics. The resulting dimer wave 
function for the product of two systems A and B in states a 
and b is obtained as 
|𝛷஺௔஻௕⟩ = |𝛷஺

௔𝛷஻
௔⟩ = 𝑁஺௔஻௕𝐴ൣ|𝛷஺

௔⟩ห𝛷஻
௕ൿ൧,  (2) 

with normalization factor 𝑁A௔B௕ and antisymmetrization 
operator 𝐴.  

For a general interface model of two systems R and S, 
composed of NR and NS monomers Ri and Si, respectively, in 
states mi. the wave function is 

|𝛷ĸ
ோௌ⟩ = 𝑁ĸ𝐴 ቚ∏ 𝛷ோ೔

௠೔ேೃ
௜

∏ 𝛷ௌ೔
௠೔ேୀேೃାேೄ

௜ୀேೃାଵ
඀. (3) 

To examine CT at the PEN-PFP interface, the electronic 
configurations of the monomers employed are chosen to be 
the Hartree-Fock ground state configurations for PEN 

ቚ𝛷Pen
(଴)
඀and for PFP ቚ𝛷PFP

(଴)
඀, the HOMO-LUMO singlet 

excitation configuration state function (CSF) localized at PEN 

ห𝛷PEN
(*)

ൿ and at PFP ห𝛷PFP
(*)
ൿ and the localized PEN cation and 

PFP anion configurations, ห𝛷Pen
(+)
ൿ and ห𝛷PFP

(-)
ൿ respectively. The 

normalized and antisymmetrized products of these 

configurations, ห𝛷Pen
(0)
𝛷PFP

(*)
ൿ, ห𝛷Pen

(*)
𝛷PFP

(0)
ൿ and ห𝛷Pen

(+)
𝛷PFP

( - )
ൿ, are 

then used as approximations to the investigated states, i.e. the 
excitons at the interface, localized at PEN and at PFP, and the 
CT state, respectively. The coupling matrix elements are 
obtained from the off-diagonal elements of the resulting 
configuration interaction matrix H, with elements 𝐻఑ఒ =

ൻ𝛷఑ห𝐻̂ห𝛷ఒൿ, where 𝐻̂ is in the present application restricted to 
the non-relativistic electrostatic Hamiltonian. 

This approach allows us to use a flexible multi-electron 
wave function basis for the description of the various 
electronic states involved. This means that the monomer wave 
functions can in principle be described at any required level of 
complexity, including even a full configuration interaction 
treatment. Herein, however, the monomer wave functions are 
approximated by determinants optimized on the restricted 
open-shell Hartree-Fock (ROHF) level. As the singly-excited 

singlet configurations ห𝛷M
(*)
ൿ are not Roothaan cases, the 

molecular orbitals are optimized for the corresponding ROHF 
triplet case instead and subsequently used to form the singlet 
CSFs. Consequently, all monomer wave functions are spin-
adapted to yield the required singlet configurations of the 
dimer by using linear combinations of determinants.  

Since the monomer wave functions here result from 
independent calculations with different and not necessarily 
orthogonal sets of orbitals, relaxation effects are included. The 
calculation of 𝐻఑ఒ with these non-orthogonal product wave 
functions then makes it necessary to apply the so-called 
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Löwdin rules for non-orthogonal orbitals.(51) Subsequently, 
H is symmetrically orthogonalized as 𝑉~ = 𝑆ିଵ ଶ⁄ 𝐻𝑆ିଵ ଶ⁄ , 
where S is the configuration overlap matrix with elements 

𝑆఑ఒ =
ൻ𝛷఑ห𝛷ఒൿ

൫ൻ𝛷఑ห𝛷఑ൿൻ𝛷ఒห𝛷ఒൿ൯
భ మ⁄ . The orthogonalization procedure 

can induce a change in the corersponding elements of 𝑉~when 
adding or removing configurations in the selection, which will 
be small as long as the configurations are already nearly 
orthogonal. Finally, 𝑉 = 𝑉~− 𝑉~ଵଵ1ଷ×ଷ (where 1 is the identity 
matrix) is the matrix reported in Tables 1 to 3.  

For all monomer wave function optimizations, the 
positions of the nuclei have been kept fixed to the dimer 
structure obtained as described above (and given in the 
Supporting Information). The ROHF wave functions of the 
monomers are then calculated independently, using 
Turbomole (40) using the def2-SVP basis set. (52) The method 
for the calculation of coupling matrix elements of the 
antisymmetrized product wave functions of these monomer 
wave functions has been implemented into the program 
nonorth, a tool box for calculations employing multiple, non-
orthogonal wave functions. 
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