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We present the optical properties of fully (CyFrs, PF-RUB) and half-fluorinated (CypF4H4,
F14-RUB) rubrene, both in thin films and as monomers in solution and compare them to
hydrogenated rubrene (C4oHys, RUB). All three compounds show similar optical absorption bands
and photoluminescence line shapes. The results are interpreted with density functional calculations of
the orbital energies and time-dependent density functional theory for the HOMO-LUMO transition.
Red shifts induced by the surrounding solvent or organic thin films remain much smaller than for
polyacenes, in keeping with previous observations for rubrene and existing models for the
solvatochromic shifts. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773520]

A promising way to tune the electronic and optical prop-
erties of organic semiconductors is the complete or partial
fluorination of the molecular backbone. It also offers the per-
spective to reduce the sensitivity to oxygen.'™ In particular,
the position of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
can be fine-tuned, but the resulting energies are not necessar-
ily straightforward to predict. Moreover, fluorinated ana-
logues are an obvious choice for structurally compatible
donor-acceptor combinations in organic electronics.®™ Inter-
estingly, not many fluorinated analogues of common hydro-
genated organic semiconductors have been studied, partly
due to their nontrivial synthesis. Consequently, the under-
standing of these systems remains limited. Rubrene (C4pHag,
RUB) is one of the best organic semiconductors in terms of
charge carrier mobilities in single crystals.”'® In order to
improve the electronic and optical properties of molecular
materials on the basis of RUB, the investigation of different
RUB derivates became of greater interest during the last
years.>!"12 The present letter addresses recently synthesized
partially and completely fluorinated rubrene.

The synthesis of perfluorinated (C4,F,5, PF-RUB) and
half fluorinated (C4Fi4Hi4, F14-RUB) rubrene, Fig. 1, is
described elsewhere.' Note that F4-RUB differs from RUB
and PF-RUB by its lower symmetry and associated strong
dipole moment. Both fluorinated materials were purified
by temperature gradient sublimation. Hydrogenated rubrene
(C42Hps, RUB) was purchased from Arcos and purified by
gradient sublimation.

Thin films of the three materials were grown on silicon
wafers covered by a native oxide layer using organic molecu-
lar beam deposition techniques'*!'> at a constant growth rate
of roughly 2 A/min. The films were grown under ultra high
vacuum conditions with a thickness of 20nm on substrates
kept at room temperature (RT). Under these conditions, RUB
thin films are observed to grow amorphous'® with a predomi-
nance of its twisted isomer.' "'
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In order to acquire optical spectra of the pristine films,
their absorption spectra were studied in situ with a Woollam
M-2000 spectroscopic ellipsometer™ directly after growth,
before notable de-wetting occurs. Photoluminescence (PL)
spectra were acquired using a Horiba Jobin Yvon LabRam
HR 800 spectrometer with a CCD-1024 x 256-OPEN-359 as
detector, within two days after growth on smooth samples in a
protective atmosphere, as confirmed by complementary inves-
tigations with X-ray reflectivity. Excitation for PL was per-
formed using a frequency doubled Nd:YAG-laser at 532 nm
(2.33eV). Solution spectra in dichloromethane (CH,Cl,) were
obtained using a JASCO V-570 spectrophotometer and a
JASCO FP-6600 spectrofluorophotometer, for absorption and
for PL measurements, respectively.

Absorption spectra (e, for thin films and o/® for solu-
tion) and PL spectra at room temperature of RUB, F4-RUB,
and PF-RUB are shown in Fig. 1. The overall shape is
remarkably similar. In order to access the vibronic features,
the intensity of the PL spectra was divided by a factor
@ - n* (). The energetically lowest peak in the absorption
spectra of RUB, F4-RUB, and PF-RUB lies at 2.34eV
(2.34eV), 2.30eV (2.30eV), and 2.33eV (2.30eV), respec-
tively, in thin films (in solution). In all three spectra, further
peaks follow towards higher energies, each with decreasing
intensity with a spacing of approximately 0.17 eV. The high-
est emission peak is found at 2.20eV (2.21eV), 2.14eV
(2.12eV), and 2.20eV (2.18¢V) for RUB, F4-RUB, and
PF-RUB, respectively, in thin films (in solution). Also in lu-
minescence, we observe further peaks with decreasing inten-
sity towards lower energies, each with a similar spacing as in
the absorption spectra. Thin film spectra obtained at 77K
(not shown) do not exhibit additional transition bands,
compared to those at RT. Both absorption and PL spectra of
RUB match literature spectra well.>**3

The most intense peaks in the absorption and PL emis-
sion spectra of RUB in Figs. 1(a) and 1(d) are known to stem
from the corresponding HOMO-LUMO transition, while
the equally spaced further peaks belong to a vibronic pro-
gression of the same electronic transition.'®**7?* Since for
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Solution spectra
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FIG. 1. PL and absorption (ABS, i.e., & in thin films and o/w in solution) of smooth RUB (CyyHas), F14-RUB (C42F14H}4), and PE-RUB (CyzFos) thin films
of 20nm thickness, (a), (b), and (c), respectively, and in dichloromethane (CH,Cl,), (d), (e), and (f), respectively. The PL spectra shown are divided by
@’n*(w) with respect to the measured intensity, giving more direct access to the vibronic progression of an effective internal vibration. The spectra are
obtained at RT and for better comparison, their integrated intensity is normalized to 1. Line: Fit according to Eq. (1).

F14-RUB and PF-RUB we do not observe any further peaks
within the investigated energy range, also for these materials
we assign the most intense peaks in the absorption and PL to
the HOMO-LUMO transition and the less intense peaks to
the vibronic progression.

As discussed elsewhere in more detail,18 the shape of the
absorption spectrum of RUB is determined by the deforma-
tion in the relaxed excited state which can be obtained with
density functional theory (DFT). More specifically, a calcu-
lated reorganization energy in the excited potential surface of
about 0.21eV can be divided into a contribution of about
0.05eV arising from low-frequency internal vibrations and
about 0.16eV assigned to internal vibrations of high fre-
quency, clustering around an effective mode energy of about
0.17eV. Therefore, the apparent Ey transition of this effec-
tive internal mode is expected at about 0.05eV above the
overall E transition related to the lowest vibrational levels
of all internal modes. The spectra in Fig. 1 agree semi-
quantitatively with this calculation: For RUB, the difference
between the lowest subband of absorption and the highest sub-
band of PL is about AEy = 0.14eV, somewhat larger than
2 x 0.05eV = 0.10eV expected from the contribution of the
low-frequency internal modes to the reorganization energies
on the ground and excited state potentials. The additional PL
redshift of 0.04 eV might arise from thermalization of the ex-
citation towards sites with a particularly low transition energy
defined by the local surroundings, modifications of the PL
line shape arising from reabsorption,” or to a principal defi-
ciency of the density functional method chosen previously.'®

The different subbands in absorption and (rescaled) PL
depicted in Fig. 1 can be fitted to a Poisson progression over
consecutive levels of an effective internal vibration with
energy hwett,

S" 1 (E()(H—n_ /’la)eff—E)2

AV Xpl 27,

n

, (D)

where S is the Huang-Rhys factor of the effective mode. The
fit results are shown in Table I, and it turns out that the effec-
tive mode has to be chosen slightly differently for absorption
and PL. For RUB, the fitted Huang-Rhys factors for absorp-
tion and PL are in excellent agreement with the DFT value
of §=0.985 for a calculated effective mode at 0.162¢eV.'®
This demonstrates that PL from our amorphous films probes
the photophysics of monomers, in sharp contrast to the
crystalline phase, where intermolecular interactions result in
completely different PL spectra.”?® Arithmetically weight-
ing the centers of gravity in absorption ((E,)) and emission
({(Epr)), we find the experimental HOMO-LUMO transition
for RUB, F4-RUB, and PF-RUB thin films at 2.28¢V,
2.21eV, and 2.28¢eV, respectively, for thin films and at
2.30eV, 2.24 ¢V, and 2.27 eV for solution. The observed red-
shift is thereby much lower than the redshift of other organic
compounds, e.g., pentacene, which shows a more pro-
nounced redshift from solution to thin film, both in its hydro-
genated and in its fluorinated variant.’ However, those
molecules form a strict crystalline order, which is not the
case for RUB thin films.

Our DFT calculations for the most stable isomers are
visualized by a molecular electrostatic potential (MEP) plot
mapped on the electron density surface for 0.01/a;, in Fig. 2.
The color coding indicates the inversion of the MEP for
RUB and PF-RUB due to the different electron affinity of
fluorine and hydrogen. The plot illustrates well the huge
dipole moment of F;4-RUB, along its backbone. For each of
the three compounds under study, two stable isomers can
occur, related by an unstable transition state with higher
symmetry. In a DFT calculation at the B3LYP/6-31 G(d)
level as obtained with the Gaussian program package®® for
all three cases a geometry with a twisted backbone is the
most stable isomer, realizing a D, point group for RUB and
PF-RUB, and C, for F4-RUB, respectively. The DFT results
in Table I are reported with respect to the most stable isomer
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TABLE 1. Fitted values of RUB, F4-RUB, and PF-RUB absorption and
emission spectra of the thin films (a) and solution (b). (c) Top: Frontier
orbital energy levels of the three model compounds, gap energies, and transi-
tion energies obtained with time-dependent DFT for the most stable twisted
conformation at the B3LYP/6-31 G(d) level. Bottom: Relative energies of
different isomers of the three model compounds. The relative energies are
reported with respect to the most stable twisted conformation, including the
point group of each isomer.

RUB F14-RUB PF-RUB
(a) Thin film
E3 (eV) 234 2.30 2.33
Sabs 0.96 1.00 1.03
Nigaps (€V) 0.17 0.16 0.17
(Eabs) (V) 2.50 2.46 2.50
ER (eV) 2.20 2.14 2.20
SpL 0.97 1.10 0.95
haopy, (eV) 0.15 0.16 0.15
(EpL) (eV) 2.05 1.96 2.06
(b) Solution
Eg‘g* (eV) 2.34 2.30 2.30
Sabs 0.97 0.97 1.07
fiaps (€V) 0.17 0.17 0.17
(Eabs) (V) 2.50 2.45 2.48
ERL (eV) 2.21 2.12 2.18
SpL 0.84 0.72 0.91
haopy (eV) 0.14 0.14 0.14
(EpL) (eV) 2.09 2.03 2.06
(c) DFT calculation
HOMO (eV) —4.62 —5.37 —6.09
LUMO (eV) —2.10 -2.92 —3.67
Gap (eV) 2.52 2.45 2.42
Transition (TD-DFT) (eV) 2.19 2.10 2.06
Jose 0.160 0.146 0.137
Transition dipole [D] 1.73 1.68 1.65
Twisted (eV) 0. (D») 0.(Cy) 0. (D»)
Planar (eV) 0.16 (Cap) 0.21 (Cy) 0.30 (Cap)
Transition state (eV) 0.28 (D) 0.29 (Cy,) 0.51 (Day)

of each molecule. For RUB, the twisted D, conformation is
0.16 eV more stable than the Cy; isomer resembling the mo-
lecular geometry in the crystalline phase, with a Dy, isomeri-
zation barrier of 0.28eV between them. With 0.16eV,
the B3BLYP energy difference between the two stable isomers
is somewhat below the Hartree-Fock/6-31G(d) value of
0.21eV found earlier.'” The isomerization barrier is lower
than the Hartree-Fock value of 0.34eV as well, as expected
from previous investigations of torsional potentials involving
phenyl groups.” The perfluorinated compound shows a par-
ticularly large stabilization of 0.51 eV with respect to the
highly symmetric D, transition state and of 0.30eV when
compared to the Cy, isomer with a planar backbone and
tilted fluorinated phenyl groups. In RUB, the stabilization of
the D, is only 0.28 eV with respect to the D), transition state,
and 0.16eV with respect to the Cy;, isomer. The comparison
between RUB and PF-RUB reveals that distortions away
from the highest symmetry are stabilized by the fluorination,
presumably by a steric hindrance between the fluorinated
phenyl wings. For RUB and PF-RUB, all isomers have no
dipole moment, whereas the dipole moment of F;4-RUB

Appl. Phys. Lett. 102, 013308 (2013)
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FIG. 2. Molecular electrostatic potential (top) mapped on the electron den-
sity surface for 0.01/a3, with positive potential (blue) close to H atoms and
the positively charged core of PF-RUB, and negative potential (red) around
F atoms and the negatively charged core of RUB. LUMO (middle) and
HOMO (bottom) of RUB, F4-RUB, and PF-RUB in the twisted conforma-
tion. Calculated with B3LYP/6-31 G(d).

becomes more pronounced for the less stable isomers: The
most stable twisted isomer (C;) has a dipole moment of 4.22
Debye, growing towards 4.89 Debye (C;) and 5.10 (C»,).
This extraordinarily large dipole moment, which probably is
the most fundamental difference to RUB and PF-RUB, sug-
gests that F4-RUB does not just follow a linear interpolation
of the (optical) properties of the two other materials.

As expected, the fully or partially fluorinated compounds
have significantly lower frontier orbital energies, making the
fluorinated variants particularly interesting as acceptor materi-
als for organic solar cells. In Fi4-RUB, the respective shifts are
—0.75eV (HOMO) and —0.82¢V (LUMO), values roughly
doubled for the perfluorinated compound, with —1.47eV
(HOMO) and —1.57eV (LUMO). From the visualization of
the orbitals in Fig. 2, it is obvious that the 7 and n* states do
not extend significantly over the hydrogen atoms, whereas
each fluorine gives a small anti-bonding contribution with a
sign change of the orbital along the respective C-F bond.

For F14-RUB and PF-RUB, the absorption and PL spec-
tra resemble hydrogenated RUB. The absorption of Fi4-RUB
shows a significant redshift of about 0.04 eV with respect to
RUB, and together with a Stokes shift being larger by
0.04 eV, the PL spectra occur at about 0.08 eV below RUB.
Surprisingly, PF-RUB does not shift further to the red, but
instead the positions and shapes of absorption and PL spectra
are very similar to RUB. Since the “nonlinear” shift
(HOMO-LUMO transition energies versus the degree of flu-
orination of the molecules) occurs also in solution, it is not
only a thin film effect.

The general underestimation of the HOMO-LUMO transi-
tion of RUB, F4-RUB, and PF-RUB by TD-DFT calculation
is a well-known phenomenon for the acene group™ that
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resembles the backbone of RUB and its here presented deri-
vates. However, the monotonous decrease of the frontier or-
bital energies with increasing fluorination predicted by our
DFT calculations reproduces chemical trends observed for
other polyaromatic compounds, e.g., partially or fully fluori-
nated phthalocyanines and polyacenes.>'*

In the emission spectra, reorientation of the dipoles of
the solvent can cause an additional redshift of the spectra.
For this reason, the further discussion will be restricted to
absorption spectra. The redshift Av of the absorption spectra
of RUB in thin films and solution in comparison to the free
molecule due to polarizability differences of ground and
excited state molecules can be estimated by an equation fol-
lowing Renge, >

Av = po(n?), )

with ¢(n*) = (n*> — 1)/(n* + 2), the refraction index n of the
solvent, and the slope p of the solvatochromic plot.*>* This
results in a solvent shift of —0.06eV for RUB in CH,Cl, solu-
tion (n> ~ 2) and —0.11¢eV for RUB thin films with a refrac-
tion index of nﬁUB ~ & ruB ~ 3.25 at Ey, as obtained from
ellipsometry. The latter value is based on the assumption of
the RUB thin film as a “solution of RUB molecules in RUB,”
which should be a good approximation for disordered thin
films, as in the present case. From these values of the solvent
shifts and the observed E( transitions in Table I, RUB in
CH,Cl, (in the film) yields an estimate of Ey = 2.40 eV
(2.45eV) in the gas phase. As the solvation cavity of RUB in
the thin film might be larger, the solvation shift of —0.11eV
is likely to be somewhat overestimated, so that a gas phase
value of Eoy = 2.40eV seems to be more realistic.

For the other compounds, an evaluation of the solvent
shift has to account for the smaller transition dipoles in
Table I and an increase of the molecular volume by a factor
of 1.17 for F14-RUB and by 1.29 for PF-RUB. As suggested
by Bayliss,>* the solvent shift should scale with the squared
transition dipole divided by the molecular volume, so that
the solvent shift in Fi4-RUB should be smaller by a factor of
about 0.8 and in PF-RUB by a factor of about 0.7. Hence,
from the observed Eyy in solution, both F{4-RUB and PF-
RUB should have gas phase values close to Eyo = 2.35¢€V,
and the average vertical transition energies in the gas
phase should be about (Ensrus) = 2.56€V, (Eabs Fi4-rRUB)
=2.53eV, and (E.pspr-rup) = 2.54¢V. This estimate for
the molecular transition energy of RUB is remarkably close to
the calculated B3LYP/6-31 G(d) gap of 2.52eV, whereas the
TD-DFT value for the lowest transition is severely underesti-
mated, a deficiency known from other acenes.® The calcu-
lated DFT gap energy and the lowest transition energy in TD-
DFT show stronger chemical trends than the observed spectra,
a shortcoming which might be influenced by the poorer con-
vergence of the variational basis for the fluorine-containing
compounds. Altogether, taking into account the very large
shifts of frontier orbital energies, it is quite remarkable that
the optical spectra of the three compounds are so similar. This
finding resembles the observed behavior of fluorinated phtha-
locyanines, but is in sharp contrast to the stronger spectro-
scopic shifts between pentacene and perfluoropentacene, both
in solution and in the crystalline phase.®

Appl. Phys. Lett. 102, 013308 (2013)

Overall, the agreement between DFT and experiment is
remarkably good, after the shift and corrections by the
dielectric environment are considered. This can presumably
also be attributed to the amorphous structure of the system
that avoids strong crystal effects as observed in the case of
fluorinated phthalocyanines or pentacene. Also, the relative
similarity of the RUB and PF-RUB spectra is remarkable.
Some of the deviations found for F4-RUB within this series
may be related to its strong dipole moment, which is yet to
be explored and exploited.

To conclude, the optical properties of Fi4-RUB and
PF-RUB have been determined both from thin films and in
solution. While the position of the HOMO-LUMO transition
of PF-RUB surprisingly resembles the HOMO-LUMO tran-
sition of hydrogenated RUB, F4-RUB is slightly redshifted.
Due to its strong dipole moment of 4.22 Debye in its most
stable conformation, Fi4-RUB provides a significant poten-
tial for applications.
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