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ABSTRACT: Mixed ﬁlms of perﬂuorinated pentacene and
diindenoperylene are studied for their structural and optical
properties on SiO2 and glass substrates. Grazing incidence Xray diﬀraction shows that the compounds mix on the
molecular level. Two structures are identiﬁed. Their out-ofplane lattice spacing is determined by X-ray reﬂectivity, and
their growth morphology is characterized using atomic force
microscopy. It is found that one structure consists of molecules
in a standing-up and the other in a lying-down orientation.
The uniaxial dielectric function of mixed ﬁlms is determined
with spectroscopic ellipsometry, and the in-plane optical extinction coeﬃcient is measured by real-time diﬀerential reﬂectance
spectroscopy during growth. The question of intermolecular coupling between perﬂuorinated pentacene and diindenoperylene is
discussed.

■

INTRODUCTION
Binary mixtures of organic materials in thin ﬁlms have attracted
signiﬁcant attention, inter alia because of their extensive use as
donor−acceptor bulk heterojunctions in organic photovoltaic
devices1,2 or as highly doped conductive layers in organic
electronics.3−6 A key question for the optical and structural
properties of a mixture of two organic compounds is whether
the materials are phase-separating or -mixing on the molecular
level. Complete or partial mixing of two species may be possible
if a mixed crystal exists that is energetically more favorable than
two pure crystals. Of importance in this regard is the
isostructural compatibility of both compounds, which is in
many cases a prerequisite for eﬃcient mixing.7−10
An ordered molecular mixture (molecular complex) may be
formed due to strong interaction between certain parts of the
mixed compounds. In this context, by molecular complex we
mean an ordered, mixed crystal that is built up by suﬃciently
strong interaction (e.g. electrostatic or hydrogen bond), which
does not necessarily involve a signiﬁcant charge transfer in the
ground state between the compounds involved. One such
interaction forming molecular complexes is, for example, the
arene/perﬂuoroarene interaction.11−13 In single crystals, the
interaction between arenes and perﬂuorinated arenes leads to
pronounced face-to-face stacking, which was also described as
dimerization in the crystal.14 Therefore, these complexes exhibit
a simple molar mixing ratio, mostly 1:111,15−17 or 2:1.18 In
contrast to bulk single crystal growth, in which the
© 2012 American Chemical Society

minimization of lattice energy is the most relevant driving
force, structure formation of thin ﬁlms is often far from thermal
equilibrium. For the full description of thin ﬁlm structure
formation, one also has to account for kinetic growth
eﬀects.19,20 The mixing behavior in such multicomponent
organic thin ﬁlms is as yet not well understood, and in fact,
even the growth and structure of single-component thin ﬁlms
are already nontrivial.21,22
Recently, the formation of an equimolar molecular complex
of pentacene (PEN) and perﬂuoropentacene (PFP)23−30 upon
coevaporation were reported in thin ﬁlms,9,25 which exhibits
interesting optical and electrical characteristics.17,31−33 The
formation of this molecular complex of PEN and PFP is also
facilitated by the steric compatibility of both compounds.
The present paper is dedicated to a detailed analysis of the
optical and structural characteristics of PFP/DIP mixed thin
ﬁlms. Diindenoperylene (DIP)34−37 is a promising candidate
for use in organic photovoltaics (OPV) because of its high
structural order20,38 and its ability to function as an eﬃcient
electron donor39 for OPV applications. The combination of
PFP and DIP might be of potential interest for photovoltaics,
since it would absorb light in a wide frequency range, and the
electronic energy levels might enable eﬃcient exciton diﬀusion.
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(DRS)47,48 for monitoring changes during growth. The DRS
setup uses a halogen light source and a CCD-array
spectrometer (Ocean Optics). The detection range with good
signal was between 1.5 and 2.8 eV. The DRS signal is calculated
from the reﬂectivity of the bare substrate R(0) and the
reﬂectivity R(d) at thickness d:

For PFP/DIP, the sterical compatibility of both species is
lower compared with the combination of PFP/PEN, since DIP
has a diﬀerent shape and is larger than PFP (Figure 1).

ΔDRS =

R(d) − R(0)
R(0)

(1)

ΔDRS describes the relative change in reﬂectivity, which is a ﬁrst
approximation for very thin ﬁlms proportional to the imaginary
part of the dielectric function of the ﬁlm.49 DRS data were
analyzed numerically as described in ref 45 using the full
formalism that is applicable also for thicker ﬁlms.

■

RESULTS
GIXD of DIP/PFP Thin Films. Figure 2 shows GIXD data
of DIP/PFP mixed ﬁlms with three diﬀerent mixing ratios

Figure 1. Molecular structure of (a) diindenoperylene (DIP) and (b)
perﬂuorinated pentacene (PFP).

Therefore, the question arises whether the expected arene/
perﬂuoroarene interaction is strong enough to enable complex
formation also for these sterically less compatible compounds.
The present paper addresses this question using X-ray
diﬀraction, atomic force microscopy, and optical spectroscopy.
Note that growth and structure of DIP/PFP planar multilayer
heterostructures without mixing were studied in refs 40 and 41.

■

EXPERIMENTAL SECTION
Mixed thin ﬁlms with three diﬀerent mixing ratios (1:1, 1:3,
3:1) of PFP and DIP were coevaporated by organic molecular
beam deposition.21,22,42 The estimated error of the mixing
ratios is ±10%. The materials (Figure 1) PFP (Kanto Denka
Kogyo Co., Japan, with 99% purity) and DIP (Institut für PAH
Forschung Greifenberg, Germany, with 99.9% purity) were
obtained commercially. DIP was puriﬁed by gradient
sublimation before use. PFP was used as received.
The thin ﬁlms were prepared at a base pressure of 2 × 10−10
mbar on three diﬀerent substrates: silicon wafers with a native
oxide layer of ∼1.5 nm thickness, a thermal oxide layer of ∼147
nm, and 0.5 mm-thick glass substrates. All substrates were cut
into slices of ∼0.5 cm2 and cleaned in an ultrasonic bath
subsequently with acetone, isopropyl alcohol, and ultrapure
water for 5 min each. The growth rate was 1 Å/min for each
compound, controlled with a water-cooled quartz crystal
microbalance calibrated by X-ray reﬂectivity. Films were
grown at three diﬀerent growth temperatures, T (300, 330,
and 360 K), and with thicknesses of 10, 20, and 30 nm.
The ﬁlm thicknesses, roughness and interlayer lattice
spacings were determined from X-ray reﬂectivity (XRR)43
using Cu Kα1 radiation (λ = 1.5406 Å). Fitting of XRR data was
performed with MOTOFIT44 using the Parratt formalism. The
in-plane crystal structure was measured with grazing incidence
X-ray diﬀraction (GIXD)43 at the ID10B beamline of the
European Synchrotron Radiation Facility (ESRF), λ = 0.925 Å.
For GIXD, an angle of incidence of αi = 0.11° was used. The
morphology of the thin ﬁlms was characterized using atomic
force microscopy (AFM) in oscillating noncontact mode (JPK
NanoWizard II).
The uniaxial anisotropic optical constants were determined
by a multisample analysis from variable angle spectroscopic
ellipsometry (VASE) data as described in refs 26, 45, and 46.
Real-time measurements of the in-plane extinction coeﬃcient
were made using diﬀerential reﬂectance spectroscopy

Figure 2. GIXD of DIP/PFP mixed ﬁlms with three diﬀerent mixing
ratios (DIP1/PFP1, DIP3/PFP1, DIP1/PFP3) compared with GIXD
data from the pure ﬁlms. All ﬁlms were grown at T = 330 K on SiO2
with a nominal thickness of d = 20 nm. Data from each scan were
normalized on the maximum peak value and shifted in absolute
intensity for clarity. The pure ﬁlms data were indexed after crystal
structures from the literature.23,25,50 The 1:1 mixture is indexed after
the unit cell described in Table 2.

(DIP1/PFP1, DIP3/PFP1, DIP1/PFP3) compared with GIXD
data from the pure ﬁlms. All ﬁlms were grown at T = 330 K on
SiO2 with a nominal thickness of d = 20 nm. The pure DIP ﬁlm
exhibits only reﬂections from the DIP hig-temperature phase
(HT phase, P21/a polymorph),50 which is commonly observed
in thin ﬁlms of DIP.20,38,51 The pure PFP ﬁlm exhibits only
reﬂections from the PFP thin ﬁlm phase.23−25 Note that PFP
thin ﬁlms grow textured with the bc plane parallel to the
substrate. The DIP crystallites are oriented with the ab plane
parallel to the substrate. Both orientations correspond roughly
to a standing-up conﬁguration of molecules relative to the
substrate.
The DIP1/PFP1 ﬁlm exhibits six in-plane reﬂections marked
σ(hkl). For indexing, the tentative in-plane unit cell from Table
2 is used. Peak positions of the molecularly mixed DIP1/PFP1
ﬁlm were ﬁtted with Lorentzian functions and a linear
background (Table 1). The positions of these in-plane
reﬂections do not coincide with the peak positions of the
pure materials. From this observation, we conclude that
coevaporated DIP/PFP ﬁlms are mixed on the molecular
10918
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calculation of theoretical peak positions, we assumed that the
DIP1/PFP1 ﬁlm is ﬁber-textured; that is, grains are oriented
with their bc plane parallel to the substrate and have
azimuthally a random orientation. The parameters of the
proposed unit cell, which probably contains one molecule of
each species, are shown in Table 2. For these parameters, the
unit cell volume of the mixture lies between the pure crystals
unit cell volumes. We note again that PFP and DIP/PFP thin
ﬁlms usually grow textured, oriented with the bc plane parallel
to the substrate. The DIP crystallites are oriented with the ab
plane parallel to the substrate. Both orientations correspond
roughly to a standing-up conﬁguration of molecules within the
respective unit cells.
We note also that both PFP and DIP have an in-plane unit
cell angle of γ = 90° for DIP and α = 90° for PFP; however, in
1:1 arene/perﬂuoroarene complexes with compounds that are
structurally diﬀerent, the unit cell may exhibit only low
symmetry,16 that is, the in-plane unit cell deviates signiﬁcantly
from 90°.
Molecular Orientation in DIP/PFP Complexes. In
Figure 4a, XRR data of DIP1/PFP1 mixed ﬁlms with diﬀerent

Table 1. Fitted Bragg Peak Positions of the DIP1/PFP1
Mixed Film
peak

σ(h01)

σ(h10)

σ(h1-2)

σ(h20)

σ(h2-2)

σ(h13)

qxy (Å−1)

0.77

0.91

1.57

1.86

2.15

2.67

level and form a common crystal structure. The DIP3/PFP1 and
DIP1/PFP3 mixed ﬁlms exhibit in-plane reﬂections from the
pure DIP or PFP thin ﬁlm structures, respectively, depending
on the volume fractions of each compound. In addition, in
these mixed ﬁlms, we ﬁnd reﬂections of the mixed structure at
the same qxy positions as in the 1:1 mixed ﬁlm, indicating that
the unit cell of the mixed structure does not depend strongly on
the mixing ratio. This coexistence of both the pristine ﬁlm
structures and the 1:1 mixed ﬁlm structure is an indication that
the structure of DIP/PFP mixed ﬁlms does not change
continuously with the mixing ratio. We conclude that DIP
and PFP form an equimolar molecular complex upon
coevaporation similar to the PEN/PFP mixed ﬁlms studied in
ref 9. Excess molecules of either species are phase-separating in
their respective pure ﬁlm structure.
Tentative Lattice Parameters for DIP/PFP Mixed
Films. Figure 3 shows a reciprocal space map from a DIP1/

Figure 3. Reciprocal space map (RSM) from a 20 nm DIP1/PFP1 ﬁlm
measured with a CCD area detector. At the bottom, GIXD data
measured with a point detector at an angle incidence of αi = 0.11° are
shown for comparison. The ﬁlm was grown at T = 330 K on SiO2 with
a nominal thickness of d = 20 nm. The RSM was assembled from two
CCD images with diﬀerent count rates, which results in diﬀerent noise
levels on the right and left sides of the image. Crosses indicate
theoretical positions of reﬂections for the proposed unit cell.

Figure 4. (a) XRR data of DIP1/PFP1 mixed ﬁlms grown at 330 K
together with two scans from the respective pure ﬁlms. The XRR data
were shifted on the intensity axis for clarity. (b) Rocking scan
performed on the σ2 reﬂection. (c) Rocking scan on the λ1-reﬂection.
Both rocking scans were normalized on the maximum peak value. The
dashed lines show the ﬁts used to extract the mosaicity.

PFP1 mixed ﬁlm recorded with a CCD area detector. At the
bottom, GIXD data measured with a point detector are shown
for comparison and with the indexing of the proposed unit cell.
Crosses in Figure 3 mark theoretical peak positions of the
proposed unit cell for the DIP1/PFP1 molecular complex. For

thicknesses are shown and compared with XRR data from pure
DIP and PFP ﬁlms. At least two orientations are present in
DIP1/PFP1 mixtures. All mixed ﬁlms exhibit at least a ﬁrst- and
second-order Bragg reﬂection corresponding to nearly standing

Table 2. Proposed Lattice Parameters of DIP/PFP Mixtures and Parameters of Pure DIP and PFP
PFP25
DIP1/PFP1
DIP50

a (nm)

b (nm)

c (nm)

α (deg)

β (deg)

γ (deg)

Vcell (nm3)

1.576
1.6(0)
0.717

0.451
0.69(3)
0.855

1.148
0.85(3)
1.680

90.0
104.(0)
90.0

90.4
93.(1)
92.41

90.0
∼90
90.0

0.816
0.917
1.029
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Figure 5. AFM images of DIP1/PFP1 mixed ﬁlms at three diﬀerent thicknesses. The image size is 5 × 5 μm2. All ﬁlms were grown at 330 K with
thicknesses of (a) 10, (b) 20, and (c) 30 nm. The inset in part b shows the height distribution of a 20 nm sample.

and are largest for 330 K. The circular islands are identiﬁed as
the σ orientation, which is done by comparing the step height
measured for circular island growth to the interlayer lattice
spacing calculated from the σ reﬂection peaks in X-ray
reﬂectivity.
A typical height distribution of a mixed thin ﬁlm (d = 20 nm)
grown at 330 K is shown as an inset in Figure 5b. The height
distribution shows eight diﬀerent terraces. The step height was
retrieved by ﬁtting Gaussians to the height distribution and
calculating the distances between the Gaussian centers. The
ﬁnal step height (1.63 ± 0.09 nm) was averaged over the
calculated step heights from multiple AFM images. This step
height retrieved from AFM is consistent with the step height of
the σ structure retrieved from XRR.
A diﬀerent growth morphology appears for thicker ﬁlms, as
shown in Figure 5c. The emergence of the new growth
morphology correlates with the emergence of λ-structure peaks
in the XRR data and is therefore thought to be due to the lying
structure.
Optical Properties of DIP/PFP. For the discussion of the
optical data, we focus on 1:1 mixtures, since only ﬁlms with this
mixing ratio form a completely mixed structure, whereas 3:1
and 1:3 ﬁlms exhibit signiﬁcant phase coexistence.
According to the polycrystalline ﬁlm structure of the mixture,
uniaxial optical anisotropy is found where the in-plane
component of the dielectric function (i.e. relative to the
substrate) diﬀers from the out-of-plane component. Figure 6
shows the in-plane κxy and out-of-plane κz extinction
coeﬃcients of PFP, DIP, and DIP1/PFP1 ﬁlms measured with
VASE on SiO2. These data are consistent with κxy measured
with DRS on glass. Note that in Figure 6, κxy and κz of PFP and
DIP were multiplied by 0.5. Vertical broken lines depict the
absorption bands of the pure materials marked with the
respective transition. For example, S00−S10 marks the transition
between the singlet ground state S00 and the ﬁrst excited state
S10. Vibronic excitations are denoted with S1i. “DIP*” marks
another transition of DIP, which does not belong to the
vibronic progression.37,48 For further details and, in particular,
the theoretical background of vibrational excitations in DIP, see
ref 52.
To check whether signiﬁcant intermolecular electronic
coupling between both compounds is present, we simulated
the anisotropic extinction coeﬃcient of the mixture with
eﬀective medium approximations (EMA) based on data of the
pure materials.26,37 EMA models cannot describe eﬀects from
microscopic intermolecular coupling. Therefore, if the optical

molecules (σ orientation). Using the indexing from Table 2,
these peaks are the (100) and (200) reﬂections.
The out-of-plane lattice spacing is d⊥ ∼ 1.62 nm, as
determined from the 30 nm ﬁlm shown in Figure 4a. The
lattice spacing lies between the lattice spacings of DIP (d⊥ =
1.66 nm) and PFP (d⊥ = 1.57 nm). The mixture with d = 30
nm exhibits, in addition, a Bragg reﬂection at qz = 0.836 Å−1,
corresponding to a lattice spacing of d⊥ = 0.75 nm. This peak
corresponds to the (10−1) reﬂection using the indexing from
Table 2 and is likely to originate from approximately lyingdown molecules (λ orientation).
Rocking scans performed on the (200) Bragg reﬂection (σ
orientation) and from the (10-1) reﬂection (λ orientation) are
shown in Figure 4b,c to compare the mosaicity of the
diﬀerently oriented domains. Both rocking scans were ﬁtted
with Lorentzian functions. The rocking scan on the reﬂection of
the σ orientation consists of a sharp peak (fwhm = 0.05 ±
0.01°) and a broad background. In the rocking scan from the
Bragg reﬂection related to the λ orientation, the intensity of
both the diﬀuse scattering and the Bragg scattering are
superimposed with a similar fwhm, ∼1.5 ± 0.2°. We conclude
that the mosaicity of the λ structure is signiﬁcantly larger than
the mosaicity of the σ structure.
The relative intensity of the λ1 Bragg reﬂection is increased in
thick ﬁlms compared with thin ﬁlms. The nucleation of λorientated domains may therefore be thickness-dependent,
similar to the λ structure formation in pure DIP.42 The
nucleation of diﬀerently oriented domains depends also on
growth temperature: high growth temperatures (90 °C) induce
more-pronounced σ structure peaks and less-pronounced λ
structure peaks (see the Supporting Information).
We note here that the mixed ﬁlm formation of DIP/PFP is
similar to PEN/PFP mixtures studied in ref 9. Both mixed ﬁlms
form a molecular complex with equimolar content. In addition,
both thin ﬁlm mixtures exhibit a σ structure with nearly
upright-standing molecules and low mosaicity and a λ structure
with the long molecular axis parallel to the substrate and large
mosaicity. Compared with PEN/PFP mixtures, the out-of-plane
lattice spacings of both DIP/PFP structures are slightly
increased due to the larger DIP molecule.
Step Height and Thin Film Morphology from AFM.
The two diﬀerent orientations found with XRR are also
observed in AFM measurements. AFM images corresponding
to the XRR data thickness series (Figure 4a) are shown in
Figure 5. Mainly growth of approximately circular islands is
observed. The island diameters depend on growth temperature
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simulation is induced through “coupling” of the diﬀerent
species (DIP−PFP interaction) or “isolation” (reduced PFP−
PFP and DIP−DIP interaction) is not obvious. Second, we
observe a diﬀerence in energy positions in the mixture
compared with the simulation. In Table 3, we list the peak
Table 3. Energy Positions of the Absorption Bands in Pure
PFP, DIP, and DIP1/PFP1 Mixed Films
energy positions (eV)
peak
PFP S00−S10
PFP S00−S11
DIP S00−S10
DIP S00−S11
DIP S00−S12
DIP*

17

PFP

1.75
1.94

DIP1/PFP1
1.83
2.00
2.18
2.38
2.70

DIP37

2.25
2.48
2.6
2.8

positions of the pure materials with that of the mixture. Energy
positions of the pure samples were determined in refs 17 and
37. The two peaks at lowest energy (1.83 and 2.00 eV) were
assigned to correspond to the PFP S00−S10 and PFP S00−S11
transition. The assignment of the remaining peak maxima is not
unambiguously possibly, since transitions of the pure PFP and
DIP ﬁlm spectra overlap in the energy region of 2.1−3.0 eV.
Tentatively, we assign the observed three peak maxima to DIP
transitions, which ﬁt reasonably well in energy position and
oscillator strength.
One obvious diﬀerence between the pure materials and the
mixture is the blue shift of the ﬁrst two transitions related to
PFP in the experiment (1.83 eV) compared to the simulation
(1.75 eV). Furthermore, the DIP* transition is signiﬁcantly
weaker in the experimental data compared with the simulation.
This transition is associated with higher-order Frenkel and
charge transfer excitations and closely coupled to the structural
order in bulk DIP.48 The weak intensity of this mode can
therefore be interpreted by “isolation” of the DIP molecules
due to the mixed in PFP molecules. The decrease of intensity in
the DIP* transition results in an apparent blue shift of the
superimposed DIP S00−S12 transition. In contrast, the DIP S00−
S10 and DIP S00−S11 transitions experience an apparent red
shift in the mixture and are more smeared out in comparison
with the simulated spectrum. Several mechanisms may be
responsible for the observed peak shifts.
A shift of the complete spectrum may be observed if the
polarizability of a molecule's environment is changed (solvent
shift). In the case of PFP/DIP mixtures, the refractive index
(see the Supporting Information) is higher than that of pure
PFP26 and lower than that of pure DIP37 for both components.
This would imply a shift to lower energies for transitions
related to PFP and to higher energies for transitions related to
DIP. Since we observe the opposite behavior in the mixture
(blue shift for PFP transitions, red shift for DIP transitions), the
peak shifts cannot be explained by a simple solvent shift.
Another possible mechanism leading to a thickness dependent absorption peak shift is attributed to a dielectric screening
eﬀect due to a diﬀerent volume-to-surface ratio for diﬀerent
thicknesses. This was observed for PFP48 and also for growth of
PTCDA,56 but not for pure DIP growth at elevated
temperatures.48 To study the origin of the blue shift of the
PFP absorption band in the mixture in more detail, real-time
measurements on a DIP1/PFP1 mixture on a glass substrate
were performed using DRS. A comparison of κxy from real-time

Figure 6. In-plane extinction coeﬃcients κxy (a) and out-of-plane
extinction coeﬃcients κz (b) of PFP, DIP, and DIP/PFP thin ﬁlms (d
∼ 20 nm) measured with VASE on SiO2. Extinction coeﬃcients of the
pure ﬁlms originate from refs 26 and 37. κ from pure PFP and DIP
were divided by 2. The vertical lines depict the transition energies in
the pure ﬁlms. Simulations of κxy and κz of the mixtures were calculated
using the Maxwell−Garnett EMA53 with data from pure samples.

properties of the mixture can be modeled suﬃciently well by an
eﬀective medium approximation, contributions from intermolecular coupling on κ would be insigniﬁcant in the mixture.
We employed three diﬀerent EMA models to simulate the
DIP1/PFP1 mixture: a linear superposition of extinction
coeﬃcients (κPFP/2 + κDIP/2) and the Bruggeman54 and the
Maxwell−Garnett53 methods. None of these models describes
κxy and κz of the mixture correctly. The Maxwell−Garnett
simulation, which showed a maximum of overlap with the
experimental data, is shown for comparison in Figure 6. The
signiﬁcant diﬀerences between the simulation and the
experimentally determined extinction coeﬃcients are a hint
for a change in intermolecular electronic coupling in the DIP1/
PFP1 mixture compared with the pure ﬁlms; however, new,
pronounced, and clearly discernible transitions are not observed
in the measured energy range. This is in contrast to molecular
complexes of PEN1/PFP 1 , in which a new transition
presumably related to an excited charge transfer state is
observed.17
In the following, we analyze the diﬀerences between the
simulated and the experimental optical spectra in more detail.
Since the ﬁtted out-of-plane extinction coeﬃcient of a uniaxial
thin ﬁlm is very sensitive to small uncertainties in the applied
model,46,55 we focus on the analysis of the more reliable inplane component.
First, a feature not explained by the EMA simulation is the
change of oscillator strengths of the ﬁrst absorption band of
PFP (S00−S10) in the mixture. Whether the redistribution of
oscillator strengths in the mixture compared with the
10921
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SUMMARY AND CONCLUSIONS
We have studied the structural and optical properties of mixed
DIP/PFP thin ﬁlms. Despite the size diﬀerence of the
compounds, an equimolar ordered molecular complex forms
upon codeposition with a unit cell containing both PFP and
DIP molecules. The mixed thin ﬁlms are composed of two
diﬀerently oriented domains. The σ structure has an interlayer
lattice spacing that indicates almost standing molecules. For
ﬁlms thicker than 20 nm, another structure (λ structure) of
molecules in a lying-down or strongly tilted orientation is
observed. From the step height of the islands in AFM
measurements, we conclude that the σ structure follows
circular island growth similar to DIP. The λ structure is
assigned to the rodlike growth morphology emerging for the
higher ﬁlm thicknesses. The optical properties of the DIP1/
PFP1 thin ﬁlms were measured using DRS and VASE. The
optical constants of the mixed ﬁlms can, in general, not be
explained by an EMA model of the optical constants of the pure
ﬁlms. One important ﬁnding is the shift of the PFP S00−S10
transition to lower energies in the mixture, which may be
explained by intermolecular coupling between neighboring PFP
and DIP molecules in the molecular complex.

DRS and from a simulation of a DIP1/PFP1 mixture for
diﬀerent thicknesses is shown in Figure 7a. For simulating the
thickness-dependent κxy, again, the Maxwell−Garnett method is
employed using experimental real-time data of the pure
materials on glass.

■

ASSOCIATED CONTENT

S Supporting Information
*

GIXD and XRR data from PFP/DIP mixtures prepared at
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Figure 7. (a) Comparison of the normalized in-plane extinction
coeﬃcients κxy from real-time DRS and from a simulation of a DIP1/
PFP1 mixture. DRS data were measured during ﬁlm growth on a glass
substrate. The simulated κxy were calculated from the real-time
evolution of the pure materials on glass with a Maxwell−Garnett EMA
model. (b) Peak position of the HOMO−LUMO transition from the
simulation and the experimental data from DIP1/PFP1.
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The thickness-dependent energy positions of the ﬁrst
transitions are shown in Figure 7b for both data sets. Simulated
κxy values exhibit the typical red shift of the ﬁrst absorption
band versus ﬁlm thickness (∼20 meV)48 associated with the
PFP S00−S1i transitions. In comparison with the simulated data,
the red shift of the PFP S00−S10 transition versus ﬁlm thickness
in the DIP1/PFP1 experimental data is smaller (∼10 meV).
This discrepancy may be explained by a reduction of the
dielectric screening eﬀect by the mixed-in DIP molecules or a
slightly diﬀerent morphology in the mixed ﬁlms; however, the
absolute diﬀerence of the PFP S00−S1i energy positions
between the mixture and the simulation (30−40 meV) is
found for each thickness. We conclude that the thicknessdependent screening eﬀect as described in refs 48 and 56 is also
observed for mixed PFP/DIP ﬁlms; however, this eﬀect seems
to be not related to the observed blue shift of the PFP S00−S10
and S00−S11 transitions in the mixed ﬁlms compared with pure
PFP.
In general, arene/perﬂuoroarene complexes are formed by a
combination of electrostatic quadrupole−quadrupole interaction and dispersion forces.11,13 The inﬂuences of these
microscopic intermolecular coupling eﬀects between DIP and
PFP on the absorption energy, including the reorganization
energy, is not entirely understood for solid-state binary
mixtures and may be the source of the observed peak shifts
discussed above.
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