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Abstract 

The electrical and optoelectronic properties of organic semiconductor thin films can be 

tailored by mixing two molecular materials, e.g., by co-deposition. Possible resulting 

morphologies include phase separation or mixed crystals, which can form either solid 

solutions or ordered complexes, but it is difficult to predict a priori the morphology that 

will result for a given material combination. Here, we study electron transfer between 

planar electron donor molecules and a non-planar electron acceptor in co-deposited films 

by analyzing morphological, vibrational and optical properties. For the donor under study 

here that do not undergo ground-state electron transfer to the acceptor we find phase 

separation in mixed film. If ground-state electron transfer is present, the balance between 

crystal binding energy of the single component materials and the Coulomb attraction 

between ions formed in the co-deposited film drives the co-deposited films either into 

phase separation or mixed crystal formation. To rationalize the resulting morphology of 

these co-deposited films within the laws of thermodynamics, it is necessary to consider 

structural incompatibility of the molecules as well as the Coulomb attraction between 

molecular ions, when formed via ground-state electron transfer. 

Introduction 

Co-deposition of molecular materials is a widespread approach to tune electrical and optoelectronic 

properties of functional thin films in multilayer devices. For instance, molecules with efficient 
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phosphorescence or thermally-activated delayed fluorescence are uniformly distributed into 

amorphous films of the molecular charge-transport material in organic light emitting diodes (OLEDs). 1–

3 Charge-transport layers in OLEDs or organic photovoltaic cells (OPVCs) often contain dopant 

molecules, ideally uniformly distributed, to increase the charge-carrier density and therefore electrical 

conductivity. 4 Films comprising phase-separated moieties of electron-donor and -acceptor molecules 

are preferred in the active layer of OPVCs for efficient charge separation and collection subsequent to 

optical excitation. 5,6  

The different morphologies of thin films formed by co-deposition via vacuum sublimation of molecular 

materials can partly be rationalized by thermodynamic considerations following Flory and Huggins, at 

least in the limit of low growth rates, i.e. near equilibrium. 7,8 Taking materials A and B, the change of 

free energy upon mixing, resulting from the balance of entropy increase and internal energy decrease, 

is given by 9,10 

 Δ𝐹mix = 𝑘B𝑇 ⋅ (𝑥A ⋅ ln 𝑥A + 𝑥B ⋅ ln 𝑥B + 𝜒 ⋅ 𝑥A𝑥B), (1) 

where kB is the Boltzmann constant, T is the temperature, and 𝑥A, 𝑥B are the relative concentrations. 

The dimensionless interaction parameter 𝜒 is defined via the energies of interaction between 

molecules of the same type (WAA, WBB) and between different molecules (WAB) as 9  

 𝜒 = 𝑍
𝑘B𝑇⁄ (𝑊AA + 𝑊BB − 2𝑊AB ), (2) 

with Z as coordination number. Depending on the interaction parameter χ, the morphologies of co-

deposited films can be distinguished in the simplest approach following the categorization by 

Kitaigorodsky 9 as 

• mixed crystals as ordered complexes (χ < 0), 

• mixed crystals as solid solutions (χ ≈ 0), and 

• phase separation (χ > 2). 

Kitaigorodsky summarized in 1984, that isoelectronicity and isostructurality is important to form mixed 

crystals. 9 This means that molecules should have similar chemical and crystal structures, especially 

similarly sized π-systems, which increases the energy of interaction 𝑊AB due to strong π-orbital 

overlap. 11–13 Additionally, equations 1 & 2 need to be extended for crystalline materials composed of 

anisotropic molecules, and direction-dependent terms have to be included. 13 Further complexity is 

added if limited surface diffusion and fast nucleation are induced by the growth conditions, which may 

result in a non-equilibrium film structure, even for a single-component material. 14,15 The growth 

kinetics are thus even more complex for co-deposited films, especially if structural incompatibility and 

steric hindrance of the molecules are present. 

It thus appears that one way to realize mixed crystals as ordered complexes is to combine suitably 

chosen electron-donor and -acceptor molecules. 16,17 This has been reported for prototypical planar 

donor molecules, including pentacene, diindenoperylene, oligothiophene, benzothieno-

benzothiophene, and dibenzotetrathiafulvalene, with planar acceptor molecules of the tetracyano-

quinodimethane and tetracyanonaphthoquinodimethane family, as well as for pentacene with 

perfluoropentacene. 18–22 Solid solutions have been reported for co-deposited films of sexithiophene 
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(6T) with dihexyl-6T or its perfluorinated versions, silylethynylated acenes and N-heteroacenes, as well 

as for phthalocyanines and their perfluorinated versions. 23–27 Co-deposition of planar molecules, such 

as 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole, hexabenzocoronenes, phthalocyanine, oligo-

thiophene, pentacene and diindenoperylene, with non-planar fullerenes 6,28–33 resulted in phase 

separation due to structural dissimilarity, however, with kinetic limitations.33 Phase separation due to 

structural incompatibility was reported for co-deposited films of planar molecules with different sizes 

of the π-conjugated systems such as sexi- and quarterthiophene, and pentacene and dihexyl-

sexithiophene or 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole. 12,34 

Within this study, we focus on molecule pairs that potentially undergo ground-state electron transfer, 

which is highly relevant for doping of organic semiconductors. Diindenoperylene (DIP), pentacene 

(Pen), and dibenzotetrathiafulvalene (DBTTF) are used as planar donor molecules and molybdenum 

tris[1,2-bis(trifluoromethyl)ethane-1,2-dithiolene] [Mo(tfd)3] as a strong, non-planar acceptor with a 

pinwheel-like structure. The chemical structures are given in Figure 1a. Structural dissimilarity, 

meaning differences in size, shape, and planarity, 9,35 is thus apparent for our planar donor molecules 

in conjunction with the non-planar acceptor molecule Mo(tfd)3. We characterize structural, vibrational 

and optical properties of co-deposited films and relate those to the relative energy levels. Experimental 

details are given in the Supporting Information (SI). 

 
Figure 1: (a) Chemical structures of molybdenum tris[1,2-bis(trifluoromethyl)ethane-1,2-dithiolene] 
[Mo(tfd)3], diindenoperylene (DIP), pentacene (Pen), and dibenzotetrathiafulvalene (DBTTF). 
(b) Redox potentials determined by cyclic voltammetry in solution referenced to the 
ferrocene/ferrocenium (FeCp2/FeCp2

+) redox couple. Voltammograms for DIP, Pen, and DBTTF are 
given in the SI. The data for Mo(tfd)3 are taken from literature. 36 The arrows show energetically 
favorable electron transfer from DBTTF and Pen to Mo(tfd)3 molecules. The electron transfer from 
DIP to Mo(tfd)3 is forbidden. 

 

Results 

Figure 1b shows the oxidation potentials of the donor materials determined here, all referenced to the 

ferrocene/ferrocenium redox couple. The reduction potential of Mo(tfd)3 is taken from literature 36, as 

well as the oxidation potential of DBTTF. 21 Mo(tfd)3 shows reversible reduction and DBTTF reversible 
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oxidation processes. Extended effort was necessary to determine the oxidation potentials of DIP and 

Pen due to low solubility and their proneness to form dimers after charging. 37 The given value for DIP 

should be regarded as a lower boundary determined from the measured potential, as the standard 

potential can be up to 350 mV higher following the Nernst equation due to a possible subsequent 

dimerization of DIP radical cations. 37 The cyclic voltammograms for DBTTF and DIP, their differential 

pulse voltammograms, and other details of their oxidation processes are given in the SI. In our case, 

the reduction potential Ered of the acceptor is higher than the oxidation potential Eox of DIP, and lower 

than Eox of Pen and DBTTF, yielding the sequence Eox,DIP > Ered,Mo(tfd)3 > Eox,PEN > Eox,DBTTF. An energetically 

favorable electron transfer to the acceptor Mo(tfd)3 seems possible for DBTTF and Pen as Eox for these 

molecules is clearly more negative than Ered of the acceptor. Ionization energy and electron affinity 

measured by direct and inverse photoelectron spectroscopy on thin films were reported earlier and 

are summarized in the SI (see Figure S15). 36,38–40 One has to keep in mind that ionization energy and 

electron affinity (IE and EA) are different from the gas-phase or solution-based measurements due to 

environment-dependent polarization. Furthermore, the values for ionization energy and electron 

affinity depend notably on the molecular orientation with respect to the surface in crystalline films. 41–

45 Wegner et al. showed, that data from cyclic voltammetry can, at least in some cases, be more reliable 

than solid-state IE/EA data for prediction of electron transfer in mixed films. 46 Therefore, we use the 

CV data set of energy levels in the following considerations. 

For the chemical equilibrium between neutral and ionized donor (D) and acceptor (A) molecules, 

according to 

 D +  A ⇌  D+  +  A−, (3) 

the redox potential difference Δ𝐸redox = 𝐸red − 𝐸ox has to be considered as the exergonicity of the 

electron transfer reaction. The concentrations of neutral molecules 𝑐neutral
2 = 𝑐D ⋅ 𝑐A and of charged 

molecules 𝑐charged
2 = 𝑐D+ ⋅ 𝑐A− for equimolar stoichiometry can be related by the equilibrium constant 

𝐾 to Δ𝐸redox as 46 

 Δ𝐸redox
𝐹

𝑅𝑇⁄ = ln 𝐾 = ln
𝑐D+ ⋅ 𝑐A−

𝑐D ⋅ 𝑐A
⁄ = 2 ⋅ ln

𝑐charged
𝑐neutral

⁄ . (4) 

Here F is the Faraday constant, R the universal gas constant, and T the temperature.  

The large negative redox offset for Mo(tfd)3 and DIP (ΔEredox ≥ − 0.15 V) prohibits substantial electron 

transfer from DIP to Mo(tfd)3 (
𝑐charged

𝑐neutral
⁄ ≤ 5 ⋅ 10−2) at room temperature (290 K). Electron 

transfer from Pen to Mo(tfd)3 and ion pair formation should be possible with ΔEredox = + 0.05 V 

(
𝑐charged

𝑐neutral
⁄ ≈ 3). Mo(tfd)3 and DBTTF yield an even more positive redox potential difference 

(ΔEredox = + 0.15 V), giving a strong driving force for electron transfer (
𝑐charged

𝑐neutral
⁄ ≈ 20). 

The concentration ratios given above are estimates for the interaction taking place between individual 

donor and acceptor molecules. The values may well differ in the presence of another solvent or in thin 

films. However, this estimate provides a reference point for the observations discussed further below.  

The morphology of single-component and co-deposited films was characterized by scanning force 

microscopy. The corresponding images are shown in Figure 2. The single-component films of the 
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donors and the acceptor are polycrystalline in nature and show typical crystallite sizes and shapes as 

reported in literature. 47–49 The surfaces of co-deposited films of DIP:Mo(tfd)3 and Pen:Mo(tfd)3, both 

with equimolar ratio, exhibit a similar appearance but with plate-like and elongated structures present 

within the film and at the surface. Except for these, the surface morphology resembles that of the 

single-component donor films, which is why we attribute the additional, elongated plate-like 

structures present in both co-deposited films to Mo(tfd)3. X-ray reflectivity data for single-component 

DIP and co-deposited DIP:Mo(tfd)3 films are given in the SI (see Figure S16), showing the presence of 

DIP crystallites in the co-deposited film with the same lattice spacing in both films. 50 This assignment 

from morphology and the results from X-ray reflectivity indicate phase separation in co-deposited films 

of DIP:Mo(tfd)3 and Pen:Mo(tfd)3. The single-component DBTTF film and the co-deposited film 

containing DBTTF and Mo(tfd)3 in a 10:1 molar ratio exhibits highly similar morphology, featuring large 

area and flat crystallites. If phase separation persisted also for this material pair, the Mo(tfd)3 

molecules might be accumulated at the edges of the observed crystallites, which we do not clearly 

observe here. Incorporation of Mo(tfd)3 molecules into the DBTTF layer is also a possibility due to a 

non-vanishing solubility. In contrast, the morphology of the equimolar co-deposited DBTTF:Mo(tfd)3 

film is defined by apparently rather large crystallites and bare substrate regions in between. The 

individual molecular compounds DBTTF and Mo(tfd)3 cannot, therefore, be distinguished in co-

deposited films in either molar ratio.  

 
Figure 2: Scanning force micrographs for single-component and equimolar co-deposited films of DIP, 
Pen, DBTTF, and Mo(tfd)3. Additionally, the co-deposited film of DBTTF:Mo(tfd)3 with a molar ratio 
of 10:1 is shown. The color scale was modified in the lower left corner of the micrograph to visualize 
the bare substrate between the crystallites of the equimolar co-deposited DBTTF:Mo(tfd)3 film. The 
size for all images is 4×4 µm². Different height scales are applied.  

 



- 6 - 

While we conclude that there is phase separation for co-deposited DIP:Mo(tfd)3 and Pen:Mo(tfd)3, the 

formation of a mixed crystal for DBTTF:Mo(tfd)3 may be assumed, even if structural dissimilarity 

between the involved molecules is evident. Two distinct morphologies are observed for the low and 

high Mo(tfd)3 content. The coexistence of both morphologies is found in the same sample for an 

intermediate molar ratio of 4:1, as shown in the SI (see Figure S17). Accordingly, and in conjunction 

with further considerations discussed further below, we relate the morphology of the equimolar co-

deposited film to an ordered donor-acceptor complex. 

Raman spectra of single-component and co-deposited films are depicted in Figure 3. The four main 

vibrational features of DIP and Pen observed in single-component films can be assigned to in-plane 

vibrations as combination of C−C stretching motion with C−H bending. 51,52 DBTTF exhibits a totally 

symmetric stretching vibrational mode of the central C=C bond at about 1542 cm-1. 53,54 The stretching 

mode of perturbed C=C bonds of the dithiolene ligands of Mo(tfd)3 is reported to appear around 

1461 cm-1. 55,56 The three additionally marked features for DBTTF and the lower wavenumber features 

for Mo(tfd)3 are reported in literature, 53–56 although without assignment. The spectra for co-deposited 

films of Mo(tfd)3 with DIP and Pen are a linear combination of the features of the single-component 

films, with slight broadening and negligible peak shifts. For DIP:Mo(tfd)3 both molecular species 

contribute with similar intensity to the Raman spectrum. In contrast, the Raman cross-section of Pen 

seems to be much lower than that of Mo(tfd)3 or DIP, as mainly Mo(tfd)3 signatures are detected in 

the equimolar co-deposited film and the strongest Pen signature at 1376 cm-1 appears with low 

intensity only.  

 

The spectrum of the equimolar DBTTF:Mo(tfd)3 film is dominated by the Mo(tfd)3 signatures with 

DBTTF features that are barely noticeable. However, around 1560 cm-1 additional peaks appear, which 

 
Figure 3: Raman spectra of single-component (a) DIP, (b) Pen, and (c) DBTTF and a single-component 
Mo(tfd)3 films, as well as co-deposited D:A films. The spectra are shifted vertically for clarity. The 
spectra were recorded for equimolar DIP:Mo(tfd)3 and PEN:Mo(tfd)3, and molar ratios of 1:1 and 
10:1 for DBTTF:Mo(tfd)3 . The grey lines indicate the peak position for single-component samples. 
The assignment of vibrational features related to the Mo(tfd)3 anion (green dashed line) and the 
DBTTF cation (red dashed line), as well as the feature at around 1560 cm-1 (dark blue dashed line) is 
taken from literature. 53–56  
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are absent in the single-component films. The DBTTF:Mo(tfd)3 film with a molar ratio of 10:1 shows 

significant differences in the Raman spectrum in comparison to the spectra of single-component DBTTF 

and Mo(tfd)3 films, and also to the spectrum of the equimolar mixed film. Again, features around 

1560 cm-1 are present. The wavenumber of the totally symmetric stretching vibrational mode of the 

central C=C bond in the DBTTF cation is at 1419 cm-1, 53,54 and the stretching mode of perturbed C=C 

bonds of dithiolene ligands for Mo(tfd)3 anions is at 1513 cm-1. 55,56 Raman peaks are present at these 

two wavenumbers in the co-deposited DBTTF:Mo(tfd)3 film (as marked in Figure 3c), and they are 

absent in the single-component films of DBTTF and Mo(tfd)3.  

The fact that Raman spectra of the co-deposited films of DIP and PEN with Mo(tfd)3 are a superposition 

of the single-component DIP, Pen and Mo(tfd)3 films is in line with phase separation, as already 

deduced from the morphology. Evidence for electronic interaction, e.g., charge transfer, is not found. 

In contrast, new features appear for co-deposited films of DBTTF and Mo(tfd)3 that can be assigned to 

DBTTF cations and Mo(tfd)3 anions. This is consistent with the ground-state electron transfer from 

DBTTF to Mo(tfd)3 anticipated from the redox potentials (vide supra). The clear presence of vibrational 

peaks related to the ionic species is given only for the molar ratio of 10:1, whereas the equimolar co-

deposited film is dominated by the vibrational features of the neutral Mo(tfd)3. The portion of charged 

Mo(tfd)3 molecules in relation to all Mo(tfd)3 molecules is higher for the lower amount of acceptor 

molecules present in the film. This is most likely due to the different morphologies observed by 

scanning force microscopy for the co-deposited films with molar ratios of 10:1 and 1:1, as shown 

above. Although, from an energetic point of view, electron transfer also appears feasible for 

Pen:Mo(tfd)3, clear features of Pen cations and Mo(tfd)3 anions were not seen in Raman spectra. Taking 

into account that phase separation prevails for Pen:Mo(tfd)3, the relevant volume in which electron 

transfer may happen is limited to grain boundaries, and thus the pertinent signal may be too low to be 

observed by Raman spectroscopy.  

Further support for the assignments made in preceding paragraphs come from UV-vis-NIR absorption 

spectroscopy. Spectra of single-component DIP, Pen, DBTTF and Mo(tfd)3 films (see Figure 4) reveal 

the lowest absorption energy for DIP at ca. 2.2 eV, for PEN at ca. 1.8 eV, and for DBTTF at ca. 3.0 eV, 

which is - together with the overall spectral shape - in agreement with literature. 21,57,58 Absorption 

spectra for Mo(tfd)3 films have not yet been reported. The lowest transition energy is at ca. 2.1 eV in 

films, as well as in chloroform solution (see SI, Figure S2). This energy is comparable to the value given 

for other solvents. 36,59 To check for the occurrence of radical cations and anions, the absorption 

signatures of ionic molecules were measured in solution upon doping with different inorganic salts. 
36,46,60–63 Details on the data obtained by spectroelectrochemistry are given in the SI (see Figure S3-

S12). 

The absorption spectrum for the equimolar DIP:Mo(tfd)3 is displayed in Figure 4a. The main absorption 

features of the co-deposited film can be readily described by absorption of single-component DIP and 

Mo(tfd)3 films. Small solvatochromic shifts occur due to the change of the dielectric environment in 

co-deposited films. No sub-gap absorption for DIP:Mo(tfd)3 is observed, as seen from the magnified 

inset. The feature between 1.40 and 1.50 eV is an artifact from the measurement setup due to detector 

and grating change. The absorption spectrum of Pen:Mo(tfd)3 (see Figure 4b) also shows the 

absorption features of the respective single-component films, slightly shifted due to the different 

dielectric environment. Additionally, two small peaks were detected for the co-deposited film, one at 
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1.26 eV and, in comparison, a broader one around 1.35 eV. These stem from absorption of Pen cations 

and Mo(tfd)3 anions (for comparison see SI Figure S2). 36,46,64 The strongest absorption feature of the 

Mo(tfd)3 anions at about 1.8 eV coincides with the first absorption peak of neutral Pen in thin films. 

The presence of absorption related to Pen cations and Mo(tfd)3 anions evidences electron transfer 

between the molecules, in line with the considerations deduced from the redox potentials above. The 

fraction of ions is, however, rather small. Considering the phase separation in Pen:Mo(tfd)3, the 

electron transfer is likely limited to the grain boundaries between Pen and Mo(tfd)3 crystallites. This 

small interaction volume results in the low intensity features of ionic Pen and Mo(tfd)3 molecules. 

 

UV-vis-NIR absorptions spectra for DBTTF:Mo(tfd)3 co-deposited films with different molar ratios are 

shown in Figure 4c. Absorption spectra for DBTTF and Mo(tfd)3 in solution are given in the SI for 

comparison (see Figure S18). Absorption at 1.83 eV and at ca. 1.35 eV are due to the presence of 

Mo(tfd)3 anions. The absorption of the DBTTF cation is in the same energy range as the strong 

absorption of the Mo(tfd)3 anion, but much lower in intensity. This is inferred from comparison with 

the absorption of DBTTF cations in solution (see SI Figure S2 and S4). Notably, the strong absorption 

feature of DBTTF cations in the range between 2.5 eV and 3.0 eV measured in solution is absent in thin 

films. This might be due to molecular ordering leading to a preferred orientation of transition dipole 

moments within the films, in contrast to their randomized orientations in solution. Nearly complete 

ionization of the added Mo(tfd)3 seems to be present for molar ratios of 20:1 and 10:1, as only the 

absorption feature of Mo(tfd)3 anions is detected. For higher acceptor contents the absorption 

features of neutral Mo(tfd)3 become visible as well. This is agreement with the results obtained by 

Raman spectroscopy and might be related to the before mentioned differences in film morphology. 

 
Figure 4: UV-vis-NIR absorption spectra of single-component films of (a) DIP and (b) Pen together 
with the spectra of a single-component Mo(tfd)3 film and equimolar co-deposited D:A films. (c) 
shows the spectra for single-component and a series and co-deposited films containing DBTTF and 
Mo(tfd)3 with different molar ratios. The spectra are shifted vertically for clarity. The grey lines show 
the position of the strongest absorption peaks related to the individual materials in the singly- and 
co-deposited films. The features exclusively related to absorption of Mo(tfd)3 radical anions and Pen 
radical cations are marked. The magnified spectra are shown after background subtraction.  
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The detected amount of charged molecules for co-deposited films of DBTTF and Mo(tfd)3 is larger than 

for co-deposited films of Pen and Mo(tfd)3, as predicted from the redox potential differences. 

To examine the effect of ground-state electron transfer between DBTTF and Mo(tfd)3, i.e., doping, on 

charge transport, the conductivity of co-deposited films was measured with two-terminal in-plane 

device geometry (Figure 5). Details on the measurements are given in SI. An increase in conductivity 

of up to five orders of magnitude for a molar ratio of 10:1 is found. At this ratio, the morphology of the 

co-deposited film is comparable to that of the single-component DBTTF film. However, due to the 

applied numbers of molar ratios, the conductivity might be higher at other ratios in this range. The 

morphology for larger Mo(tfd)3 content, which consists of large individual crystallites (see Fig. 2) 

reduces the number of conducting pathways. This counteracts the increased charge carrier density and 

reduces the overall conductivity. 

 
Figure 5: Dependence of the conductivity on the 
molar ratio for co-deposited films of DBTTF and 
Mo(tfd)3. The dashed line is a guide to the eye.  

 

Discussion and conclusion 

Phase separation is observed here for co-deposited films of planar DIP and non-planar Mo(tfd)3 

molecules. Phase separation was reported for co-deposited films of DIP with the weaker and spherical 

acceptor C60. 30,33 Spectral signatures of ions are absent in vibrational and absorption spectroscopy. 

Phase separation is also concluded to occur for co-deposited films of Pen and Mo(tfd)3. Here, a small 

amount of ion pairs is present as detected by absorption spectroscopy. Most probably the electron 

transfer takes place at the grain boundaries in the phase-separated film. The appearance of phase 

separation and the presence of very weak ionic absorption features was also reported for co-deposited 

films of 6T:Mo(tfd)3, with a redox potential difference of +0.18 V. 46 This redox potential difference is 

located between the values for DIP:Mo(tfd)3 and Pen:Mo(tfd)3 combinations. In contrast to ion pair 

formation, a theoretically predicted charge-transfer complex between Pen and Mo(tfd)3 was reported 

in literature (see supporting information in 65). We do not observe any support of this prediction in our 

experiment.  
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By contrast, no indications for phase separation are found for co-deposited films of DBTTF and 

Mo(tfd)3. The binary film morphology found for different molar ratios indicate the formation of mixed 

DBTTF:Mo(tfd)3 crystals, most probably stoichiometric, despite the structural dissimilarity of the two 

molecules. As ions must be present in the mixed-crystal structure, the co-deposited film has to be 

considered as an ordered donor-acceptor complex with (statistically distributed) ions or ion pairs. The 

interactions between the dissimilar molecules – including the Coulomb attraction between the ions 

present – are evidently sufficient to stabilize the mixed crystal appearing as an ordered complex 

without ionization of all molecules. The intermolecular integer electron transfer and the concomitant 

Coulomb interaction enter as additional factor to the energy WAB between materials in co-deposited 

films, in addition to isostructurality, 9 similarities of molecular dimensions, 12,35 multipole interaction, 
13 and complex formation of planar molecules with partial charge transfer 18,20. An increase of WAB leads 

to a reduced or possibly negative interaction parameter χ and thus allows for formation of mixed 

crystals as ordered complexes. The balance of WAA, WBB, and WAB is important for the trade-off 

between phase separation and ordered complex formation. The interaction energies WAA between the 

donor molecules are unknown and therefore the mentioned balance cannot be quantified here. The 

crystal binding energy in terms of WAA of pentacene seems to be large enough to forces phase 

separation in co-deposited Pen:Mo(tfd)3 films in the presence of integer charge transfer at grain 

boundaries. By the mentioned approach following Kitaigorodsky, we consider the neutral and charged 

species as identical compounds, differences are considered in changes of the energy of interaction 

between the materials. An extended model should reflect neutral and charged species of donor and 

acceptor as separate species and accordingly include all pairwise interaction energies. Ordered 

complex formation was reported for fullerenes and tetrachalcogenafulvalene molecules, partly with 

solvent molecules incorporated into the mixed crystal structure. 66–68 They are all described as ordered 

complexes with negligible or partial charge transfer.68 The tetrachalcogenafulvalene molecules in these 

complexes appear in the boat confirmation. These fulvalene derivatives are non-rigid molecules and a 

related non-planar confirmation might also be present in the ordered complexes of DBTTF:Mo(tfd)3 in 

our study. Complex formation between fullerene and other non-planar molecules are reported. 68 In 

all cases of ordered complexes containing fullerenes the non-rigid and non-planar donor molecule 

adapts the spherical shape of the fullerene.  

In summary, electron transfer between co-deposited molecules may help drive the formation of a 

mixed crystal as ordered complex between planar and non-planar molecules where π-stacking is 

sterically hindered. This was shown here for co-deposited films of DBTTF and Mo(tfd)3. The increase of 

interaction energy WAB due to electron transfer and the resulting Coulomb energy has to be considered 

within the thermodynamic description. In contrast, phase separation takes place for co-deposited films 

of DIP and Pen with Mo(tfd)3 and significant electron transfer is absent. Similar effects should thus be 

taken into account for co-deposited films of planar molecules, where integer charge transfer was 

report like in the case of  zinc phthalocyanine (ZnPc) and 1,3,4,5,7,8-hexafluorotetracyano-naphtho-

quinodimethane (F6TCNNQ). 69 The current findings will help to understand the interaction behavior 

between differently molecular-shaped molecules and the resulting mechanism of film formation. 

Furthermore, the use of more complicated, e.g. ternary blends offers additional degrees of freedom 

such as the mixing of binary donor-acceptor films being of interests for photodetection in the infrared, 

not easy to implement by just one single molecular compound. 70 
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