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ABSTRACT: We report on the oxidation potential of partially fluorinated (C,,F;,H,,,
F,,-RUB) and perfluorinated rubrene (C,,F,5, PF-RUB) studied by cyclic voltammetry
(CV) in solution as well as by spectroscopic ellipsometry and near edge X-ray absorption
fine structure (NEXAFS) spectroscopy in thin films in combination with density
functional theory computations. Due to their different electronic structure, the fluorinated
derivatives have a higher oxidation potential and are more stable than rubrene (C,,H,g,

RUB).

B INTRODUCTION

Rubrene (5,6,11,12-tetraphenyltetracene, C,,H,s, RUB) is
among the most promising materials for applications based on
organic semiconductors,’ at least due to its high charge carrier
mobility.” > One of the challenges in organic and hybrid
electronics concerns the stability against exposure to ambient
gases, including in particular oxygen.”” This is especially relevant
for thin films, which are easier to produce than single crystals and
thus more attractive for applications, but can often exhibit a more
grainy moriphology which allows oxygen to penetrate into the
material.*~"" A possibility to address this issue is to modify the
rubrene molecule by substitution with different elements or side
groups in order to reduce its susceptibility to oxidation.'*”'®
Partial or complete fluorination is a typical strategy in this
context, since the large electronegativity of fluorine is expected to
hinder oxidation very effectively.'”'® Furthermore, fluorination
will also change the electronic and optical properties of a
material,"”*° which also is of relevance for the interface between
organic compounds in applications.”’ >

In this study, we examine to which extent rubrene can be
stabilized by (per)fluorination and how this chemical mod-
ification affects the desirable optical as well as electronic spectra.
For this purpose, the newly synthesized perfluoro-5,6,11,12-
tetraphenyltetracene (C,,F,5, PF-RUB) and 1,2,3,4-tetrafluoro-
5,12-bis(2,3,4,5,6-pentafluorophenyl)-6,11-diphenyltetracene
(CyF i Hy,, F4,-RUB) shown in Figure 1, both excellent
candidates for a systematic investigation, are studied using cyclic
voltammetry (CV), spectroscopic ellipsometry, and near edge X-
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ray absorption fine structure (NEXAFS). Together with density
functional theory (DFT), we evaluate the experimental results of
the fluorinated compounds in solution and thin films with
unsubstituted rubrene itself. A comparison of the experimental
and DFT results obtained for the fluorinated compounds in
solution and thin films provides a consistent picture of the
stabilization mechanism.

B EXPERIMENTAL SECTION

Pristine RUB was purchased from Acros, while the fluorinated
rubrenes were synthesized by Sakamoto and Suzuki*> All
materials were purified by temperature gradient sublimation.
Cyclic voltammograms were recorded with a PGSTAT101
potentiostat from Metrohm (Filderstadt, Germany) under argon
atmosphere in a gastight three electrode cell. The working
electrode consisted of a Pt disk (nominal diameter d = 1 mm)
sealed in glass. A Pt wire was used as the counter electrode. An Ag
wire coated with an AgCl-layer which was directly immersed into
the electrolyte solution served as (pseudo)reference electrode.
All potentials are given versus the formal potential of the redox
couple Fc/Fc™ (ferrocene/ ferrocenium).”® Fc was used as
internal standard (added after substrate measurements).
Voltammograms were recorded in deaerated (argon bubbling)
CH,Cl, containing NBu,PFj acting as the supporting electrolyte
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Figure 1. Chemical structure and molecular electrostatic potential
(MEP) plot of the compounds investigated (from left to right) rubrene
(RUB, C,,H,3), partially fluorinated rubrene (F,,-RUB, C,,F ,H,,), and
perfluorinated rubrene (PF-RUB, C,,F,5).**

(0.1 M). CH,Cl, was dried prior to use with activated AL,O,
(dried at 80 °C for several days in an oven). Cyclic
voltammograms were not background corrected. For the
estimation of half wave potentials voltammograms recorded
with 100 mV/s were used. Half wave potentials E, , of the redox
couple were calculated from the peak potentials of the oxidation
EJ* and reduction E;fd as Ej = (ng + E;X) /2. Substrate
concentrations were 2.6 mM in the case of RUB and 1.4 mM for
F,4,-RUB and PF-RUB.

The ionization potential (IP) and electron affinity (EA) of the
RUB, F,-RUB, and PF-RUB molecules in solution were
computed with the B3LYP functional and triple-{ valence plus
polarization (TZVP) basis set using Turbomole 6.4.”” The values
for IP and EA of the RUB and PE-RUB (F,,-RUB) molecules in
D, (C,) symmetry were estimated from the energies of the
ionized species under the consideration of the polarization
energy of the solvent (CH,Cl,).

Thin films of the three materials were deposited at room
temperature under high vacuum conditions on silicon wafers
covered by a native oxide layer. By keeping the molecular flux at a
constant rate of 1.1 A/min monitored by a quartz crystal
microbalance (QCM), films with thicknesses of 20 nm were
prepared. Under these conditions RUB, F,,-RUB, and PF-RUB
are known to form amorphous thin films.”* About 90 min after
thin film deposition, air was leaked into the UHV chamber up to
a pressure of S0 mbar. Real-time data of the oxidation process
were obtained using spectroscopic ellipsometry with a broad
band Xe lamp (75 W, 250—1000 nm), while the samples were
exposed to air.”® The ellipsometer (Wollam M-2000 SE) was
equipped with a rotating compensator for accurate measurement
of the polarization and a CCD camera enabling simultaneous
detection of all wavelengths, which allows minimization of the
acquisition time (¢ = 1 min). In order to measure the samples in
situ, the ellipsometer was mounted on the vacuum system with
strain free quartz windows resulting in a fixed angle of incidence
of ~61°. Data acquisition started directly with the partial venting
process of the vacuum system until after 4—10 min a pressure of
50 mbar was reached, which then was kept constant.

Near edge X-ray absorption fine structure (NEXAFS) spectra
were obtained from thin films of F,,-RUB and PF-RUB that were
deposited in ultrahigh vacuum with similar growth parameters as
above. Prior to the measurements, the thin films had been
exposed to air for several days as the low amount of available
material did not allow for the in situ preparation of an additional
batch of samples. The measurements were performed at the HE-
SGM dipole beamline of the synchrotron BESSY II in Berlin
(Germany) providing linearly polarized light (polarization factor
=0.91) and an energy resolution at the carbon K-edge of about
300 meV. All NEXAFS spectra were recorded in partial electron-
yield mode using a channel-plate detector with a retarding field of
—150 V. For the calibration of the absolute energy scale, the
photocurrent from a carbon-coated gold grid in the incident
beam (absorption maximum = 284.9 eV) was recorded
simultaneously. In order to determine the average molecular
orientation relative to the sample surface, NEXAFS spectra were
recorded at different angles of incidence (6 = 30°, 55°, 70°, and
90°). The observed dichroism was analyzed after flux normal-
ization and considering the transmission of the monochromator.

Computations of C 1s NEXAFS spectra were performed on
the Slater transition state level by optimizing the molecular
geometry using the gradient-corrected revised Perdew—Burke—
Ernzerhof (RPBE) functional and all-electron TZVP basis sets.
Subsequently, the excited states for each nonsymmetry
equivalent excitation center, i.e.,, carbon atom, were calculated
separately. In this step, the excitation center is modeled using an
IGLO-III basis set which allows the description of inner shell
relaxation effects, while the other carbon centers are described by
effective core potentials (ECPs). Further details on the
computations can be found in previous work.””*°

B RESULTS

Electrochemical Properties in Solution. Electrochemical
methods such as CV allow for the investigation of the general
electrochemical properties of a redox-active compound. Both,
oxidation and reduction processes at the electrode interface can
be examined by means of the same method, including the
determination of redox potentials.’”’ Moreover, from the
potential values of the corresponding oxidative or reductive
processes, values for the energy levels of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) can be estimated.*”

The redox behavior, including the determination of the redox
potentials, of RUB, F,,-RUB, and PF-RUB in solution and the
absence of oxygen was studied by means of CV in 0.1 M
NBu,PF¢/CH,Cl, at a Pt disk electrode under planar diffusion
conditions. Cyclic voltammograms of RUB (Figure 2a) show a
first chemically reversible oxidation (solid line, cation formation)
and a chemically reversible reduction (dashed line, anion
formation) with peak potentials for the oxidation (Ep*) and the
reduction (E?) of +0.39 and —2.16 V, respectively. The half
wave potentials of the anodic and cathodic redox couple are
found at +0.33 (E{},, oxidation) and —2.09 V (Erf/dz, reduction).
Both values are in good agreement with previously reported
data.'>'®'7*3 At higher potentials, a second chemically
irreversible oxidation (formation of the dication) wave located
ataround +1.0 V'®is observed (see the Supporting Information).

The anodic and cathodic I—E curves of the partially fluorinated
F;,-RUB (Figure 2b) show a chemically reversible oxidation
(solid line, cation formation) and a chemically reversible
reduction (dashed line, anion formation) with half wave
potentials of E¥, = +0.91 V and EY = —1.55 V. At lower

DOI: 10.1021/acs jpcc.5b12293
J. Phys. Chem. C 2016, 120, 5515—-5522


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b12293/suppl_file/jp5b12293_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b12293

The Journal of Physical Chemistry C

I | I | 1

I1pA

(c)

nd

2 red
Eip

=165V,

| [uA]

red

SUETS =-2.09V
| | | | |

-2 -1 0 1
E vs. Fc/Fc™ [V]

Figure 2. Anodic (solid lines) and cathodic (dashed lines) cyclic
voltammograms of RUB (a), ¢ =2.3 mM, F,-RUB (b), c = 1.4 mM, and
PF-RUB (c), ¢ = 1.4 mM, in 0.1 M NBu,PF¢/CH,Cl, at Pt recorded with
a scan rate of v = 100 mV s~". Arrows indicate scan direction, anodic and
cathodic I—E curves were recorded separately, voltammograms were not
background corrected. The shoulder in (c) located at around +1.6 V is
attributed to impurities in the electrolyte (revealed by measuring the
background current in the absence of substrate).

potentials a chemically irreversible redox wave at around —2.15V
is visible, which becomes chemically reversible for fast scan rates.
This process relies on a decomposition within the time scale of
the experiment (see the Supporting Information).

Cyclic voltammograms of PF-RUB (Figure 2c) show two
chemically reversible reduction processes with half wave
potentials of —0.96 V and —1.65 V. We attribute the two redox
processes to the stepwise formation of the dianion via an anionic
species. In contrast to F;,-RUB, the dianionic species formed
during the second reduction of PF-RUB (—1.65 V) seems to be
more stable within the time scale of the voltammetric
experiment. The second electron transfer process is chemically
reversible even at slow scan rates (v <200 mV s™'). A chemically
irreversible oxidation wave at considerably high potentials (close
to the limit of the potential window of the electrolyte, Figure 2c,
solid line) is revealed by the anodic potential cycle of PF-RUB.
The peak potential of the oxidation is +1.94 V (v = 100 mV s™).

An increase in the degree of fluorination leads to an increase of
the oxidation potentials of +1.6 V when going from RUB (+0.33
V) via F1,-RUB (+0.91 V) to PF-RUB (+1.94 V), because of the
electron withdrawing effect of the fluorine atoms that are
attached to the RUB core. Simultaneously, the reduction
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potential increases by about +1.1 V from —2.09 V (RUB) to
—0.96 V (PF-RUB) for the same reason. The systematic tuning
of the molecular energy levels by different degrees of fluorination
has also been shown for other small molecule organic
semiconductors, such as phtalocyanines.”* Indeed, the perfluori-
nated compound PF-RUB is thermodynamically more stable
against oxidation (high oxidation potential, low HOMO level)
than F;,-RUB and much more stable than RUB, but is readily
reduced (high reduction potential, low LUMO level).

Under the assum6ption that the redox couple Fc/Fc* (redox
potential standard*®) is located at —5.1 eV in the Fermi energy
scale,”” the HOMO (E&B\;0) and LUMO (E§8,0) energy values
of RUB, F,,-RUB and PF-RUB can be estimated from the half
wave potentials of the oxidation and the first reduction according
to

Efidmo = —(Ef); + 5.1)[eV] (1)
Effyo = —(E[5S + 5.1)[eV] ®)

As follows from the redox potentials, PE-RUB has the lowest
HOMO (-7.0 eV) and lowest LUMO (—4.1 eV) level whereas
RUB exhibits the highest HOMO (—5.4 €V) and highest LUMO
(=3.0 eV) level. Note that the HOMO of PF-RUB may be
slightly overestimated since the peak potential was used instead
of the half wave potential. The energy level of the partially
fluorinated compound F,-RUB is located between the values for
the other two compounds, at Efjhyo = —6.0 €V and Effyo =
—3.6 eV, which is in good agreement with recent observations
obtained with photoelectron spectroscopy in the solid state.”
Hence, we find for both fluorinated compounds, F,-RUB and
PF-RUB, that the oxidation potentials lie above the ionization
Fotle;lfieillsé (IPs) of most other RUB derivatives studied so
ar.

Optical Absorption of Thin Films. Figure 3 shows real-
time absorption spectra (¢,) that were obtained during exposure
to air using spectroscopic ellipsometry from thin films of RUB,
F,,-RUB, and PF-RUB with a thickness of 20 nm, each. The
ellipsometric raw data consisting of the parameters ¥ and A was
converted into the dielectric function €, + ie, using a commercial
software package (WVASE32). The data was modeled with an
isotropic layer accounting for the organic thin film deposited on
the native silicon wafer, which in each case is represented by a
silicon and a dioxide layer, respectively. The spectra shown in
Figure 3a—c were acquired in intervals of 100 min beginning with
the exposure to air at a pressure of 50 mbar into the vacuum
chamber. The time resolution of the experiment was determined
by their integration time of 1 min.

At t = 0 min (still under vacuum conditions) we observe the
HOMO-LUMO transition of the unoxidized RUB, F,,-RUB,
and PF-RUB thin films at 2.34, 2.30, and 2.33 eV, respectively,
which is in good agreement with previously reported values for
the optical gap.*> All compounds show a pronounced vibronic
progression of the HOMO—LUMO transition that can be well
fitted with a spacing of ~0.16 eV.”* For RUB, we find an
additional peak at 4.03 eV** that essentially relies on the HOMO-
(LUMO+1) transition. For the fluorinated materials F,,-RUB
and PF-RUB, we find analogous transitions at 3.95 and 4.03 eV,
respectively.

These observations clearly show that the relative energy
alignment of the three materials is remarkably similar, merely the
optical transitions of F,-RUB are slightly red-shifted by 0.05 eV
compared to PE-RUB and RUB.”* This evidences that the optical
properties of the compounds do not change fundamentally with
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Figure 3. Real-time observation of the optical properties (&,) of (a)
RUB, (b) Fy,-RUB, and (c) PF-RUB thin films using spectroscopic
ellipsometry. 90 min after deposition (20 nm), the thin films were
exposed to air (50 mbar). (d) Time dependent intensity of the HOMO-
LUMO transition of the thin films shown in (a—c). The respective
intensities are normalized to the value before exposure to oxygen att=0
min. While the intensity of RUB decreases exponentially to almost 20%
after 400 min'>*® (strong oxidation effects resulting in bleaching), there
is almost 90% of the initial intensity observed for F,,-RUB. For PF-RUB
no change can be measured within the time scale of the experiment.

the degree of fluorination, which is in contrast to perfluorinated
acenes like pentacene or tetracene, where fluorination results in a
notable redshift of the respective HOMO—-LUMO transi-
tion.'”*® However, the ionization potential of thin films of the
fluorinated rubrenes was shown to differ by ~0.9 eV and ~1.7 eV
from RUB to F,,-RUB and PF-RUB, respectively.””

It is well-known that RUB becomes transparent in the visible
spectral region upon exposure to light and oxygen since
photooxidation leads to the formation of transparent rubrene-
endoxide or -peroxide.”'”***” In good agreement with this
expectation, we observe an exponential distinct decrease in
intensity of the HOMO—-LUMO transition of RUB when
permitting air to enter the vacuum system (Figure 3d).
Simultaneously, the transition at ~4 eV is getting weaker, and
a new transition at ~5 eV related to photooxidized RUB exhibits
increased intensity.”

For F|,-RUB, the observed change in the absorption spectra is
qualitatively similar to that observed for RUB; however, it is
considerably less pronounced. The intensity decrease of the
HOMO-LUMO transition and also of the transition at ~4.03
eV is clearly less pronounced than for RUB. As a result, the
residual absorption signal after 400 min is still stronger than that
which is found only after 100 min for RUB with respect to the
initial signals, indicating a reduced susceptibility to oxygen. In
contrast to these two cases, we do not observe any changes in the
optical spectra of PF-RUB upon exposure to air within the
duration of the experiment.
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Similarly to RUB, thin films of fluorinated rubrene have been
shown to grow disordered on silicon,”*** which allows oxygen to
penetrate all films. Thus, a stabilizing mechanism due to
molecular ordering as it occurs particularly in the bulk of RUB
single crystals, where it leads to a reduction of the susceptibility
to oxidation due to sterical hindrance,'® can be neglected. Note,
however, that thin films of fluorinated rubrene indeed can dewet
during storage, but a possible molecular reordering occurs on a
time scale that is expected to be significantly longer than the
oxidation process. This demonstrates that F,,-RUB is consid-
erably and PF-RUB far more stable against oxidation in
comparison to RUB.

Computation of lonized Molecules. For a more
quantitative analysis of the ionization energies of the three
compounds, we performed density functional theory (DFT)
computations (B3LYP/TZVP) with the quantum chemistry
program package Turbomole 6.4.”” Relying on the ionization
potential and electron affinity of the free (gas phase) molecules of
the three materials with twisted tetracene backbone,® the
ionization potential (IPY") and electron affinity (EA*) of the
ionized species in solution were estimated via®”*

1P = IP#* — P and EA® = EA® + P_ 3)

P, and P_ designate the polarization energies arising from the
embedding into a medium with dielectric constant differing from
one. The polarization energies in dichloromethane with
dielectric constant £g.en; = 9.08 is calculated by*'

(-]
l —
€Solvent (4)

where ry,, is the radius of the ionized molecules. For an effective
ion radius r;,, = r, = r_ = 7.0 A*® for both cation and anion of all
three compounds, eq 4 yields a polarization energy of P, =P_ =
0.92 eV for the simply ionized molecules. Table 1 summarizes the
characteristic potential values and orbital energies of RUB, F,,-
RUB and PF-RUB derived from cyclic voltammetric experiments
and DFT computations. From the experimental Effyo and
Efmo values the electrochemical HOMO—LUMO gap was
obtained from Eg}} - = E{{mo — Efibmo- The comparison of the
values for computed potentials with the experimental electro-
chemical gaps reveals particularly for PF-RUB a very good
agreement. For RUB and F,,-RUB, the computed gap Eg;,TCV
overestimates EgP -y slightly, which suggests a smaller radius 7y,
of the ionized molecules (and hence larger polarization energies)
for these two materials compared to PF-RUB. The electro-

chemical gap Eg} o increases when going from RUB (2.4 eV) to

PF-RUB (2.9 eV), which lies slightly above the optical gap
E;’;gyopt.m The high value of PF-RUB is a result of the nonlinear
increase of the redox potentials with increasing F-content within
the RUB core.

NEXAFS of Thin Films. In order to investigate the electronic
structure of the fluorinated rubrenes with respect to their
unoccupied states in the processed thin films, X-ray absorption
spectroscopy at the carbon K-edge (C 1s-NEXAFS) was applied.
Comparing the X-ray absorption spectra detected in partial
electron yield (PEY) at different sample orientation (dichroism)
also allows us to determine the effective molecular orientation
with respect to the surface normal.** Figure 4 shows NEXAFS
spectra of PF-RUB and F,,-RUB that were acquired at different
angles of incidence. The observed equal absorption signals at all
angles for the F,-RUB and PF-RUB films indicate that the
molecules do not exhibit a distinct orientation but are disordered

_62 1

), =
4rey 211,
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Table 1. Comparison of Experimental and Computed Orbital
and Gap Energies”

RUB F,,-RUB PF-RUB

Cyclic voltammetry
Eg red —2.14 + 0.01° —1.65 + 0.01 V]
E —2.09 + 0.01 —1.55 + 0.01 —0.96 + 0.03 ]

o +0.33 + 0.01 +0.91 + 0.01 +1.94° V]
Ejng ox +1.00 + 0.01 +1.43 + 0.01 v]
HOMO and LUMO energies (exp.)
Evo -3.0 -36 —4.1 [eV]
Efmo —5.4 —-6.0 -7.0° [eV]
Electron affinities and ionization potential (DFT)
EAY -26 -3.5 [eV]
EA™ -2.1 -3.1 -39 [eV]
P =51 —6.0 —6.9 [eV]
P -5.7 —6.5 [eV]
Gap energies
B oy 2.4 24 2.9° [eV]
Egilev 3.0 2.9 3.0 [eV]
ESP oot 2.3 2.3 23 [eV]

“Half wave potential values E, and E!S derived from cydlic
voltammetric experiments in 0.1 M NBu,PF,/CH,Cl, at a Pt
electrode (v = 100 mV s7'). All E;,, are vs Fc/Fc" and are mean
values over several cycles. The resulting Effdyo, Ertmo, and the
electrochemical HOMO-LUMO gap Eg v (= Effivmo — Efidmo) for
the three compounds are compared with computed DFT (TZVP/
B3LYP) values (see text). For the estimation of the computed
LUMO-1 level, a polarization energy P, = 4P_ was used. Values for
the optical gap (E;g,opt) obtained from molecules diluted in CH,Cl,
are taken from ref 24. “Estimated from voltammograms recorded with
v > 500 mV s~ “Value of Eg" is used, since the oxidation is chemically
irreversible.

or polycrystalline within the film. This is in good agreement with
previous results from PF-RUB and F,,-RUB thin films.”**"

In general, in the absence of a distinct dichroism it cannot
directly be discriminated between statistically oriented molecules
and molecules with a uniform orientation of 55°*° which
represents the so-called magic angle where the dichroism
disappears.”* However, since the tetracene backbone and the
phenyl side groups exhibit relative twists between each other and
both of them yield resonances with different transition dipole
moment (TDM) orientation, this allows their individual
orientation analysis.** Hence, the assumption of a uniform
orientation of 55° with respect to the TDM of the tetracene-
related excitations would result in a different and distinct
dichroism of the phenyl groups. Since, however, constant X-ray
absorption is found over the entire energy range, such a situation
can safely be ruled out, and the molecules are reliably determined
to have no preferential orientation.

In the case of pristine RUB, the NEXAFS spectra were found
to be well described by superpositions of the NEXAFS signatures
of benzene and tetracene, hence indicating that the electronic
system of RUB can be separated into the backbone and side
group.*” Due to the stability of PF-RUB against oxidation, the
corresponding spectra can also be analyzed in this form. The
NEXAFS resonances at low energies can be correlated to
excitations found in pure tetracene, while those at higher energies
correspond well to the signature of perfluorobenzene (PF-
benzene), cf. Figure 5a."> Although the F ,-RUB films are only
slightly susceptible to oxidation as observed in the optical
measurements, a corresponding decomposition of the NEXAFS
spectra for F,-RUB is more complicated, since some of the
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PEY [a.u.]

286 288 290 292
Excitation energy [eV]

Figure 4. C 1s NEXAFS spectra of (a) RUB, (b) F,,-RUB, and (c) PF-
RUB taken at different angles of the incident light after several days of
exposure to air. The uniformity of the signal intensities at all angles
proves the isotropic orientation of the fluorinated molecules in the
samples (see text). The data of the unsubstituted RUB was taken from
ref 42. (c) Sketch of PF-RUB with indices showing differently
coordinated carbon atoms and (d) sketch of experimental setup for
the NEXAFS measurements.

molecules could be significantly modified as it is throughout the
case for RUB.***" Indeed, strong modifications of the RUB
NEXAFS sgectra are observed upon oxidation of corresponding
thin films.** In particular, the resonances at 284.2 and 285.8 eV
(cf. Figure 4a) vanish, leaving behind a major resonance at 285.1
eV.

Upon closer inspection, however, the successful decom-
position of PF-RUB into parts resulting from tetracene and
perfluorobenzene is surprising. In fact, tetracene is not an ideal
choice to be compared to the PE-RUB spectra, since the acene
backbone in PF-RUB is significantly altered with respect to pure
tetracene. Not only are the carbon atoms at the center position
modified in their chemical surrounding due to the attached
phenyl side groups (carbon atom 2 and symmetric equivalents in
Figure 4), but furthermore is the chemical environment of the
carbon atoms 4 and S (and the symmetry equivalents) severely
changed as a result of the fluorination. The strong electro-
negativity of the fluorine neighbors leads to an increased
ionization potential of the core electrons in these atoms by about
2 eV as it has been found in previous measurements.** Following
a similar line of argument, also the contributions of the phenyl
side groups are expected to differ from pure PF-benzene, which
applies particularly to the carbon atoms linked to the tetracene
backbone without direct fluorine neighbors. In order to verify
these considerations and gain further insights into the actual
nature of the signature of the PF-RUB NEXAFS resonances, we
performed DFT-computations using the StoBe package,”” which
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Figure 5. (a) Comparison of the experimental C 1s NEXAFS spectra of
PF-RUB, perfluorobenzene (PF-benzene, data taken from ref 43) and
tetracene (data taken from ref 42). The spectrum of PF-RUB can be
interpreted as a superposition of the latter two. (b) Comparison of the
computed spectrum of PF-RUB with separation into the computed
contributions from the phenyl groups ((ii) and (iii)) and the tetracene
backbone ((i) and (vi)). (c) Visualization of the excited states (i—iv)
depicted in (b) showing that the electronic systems of the phenyl groups
and the tetracene backbone are strictly separated.

allows the reliable simulation of polycyclic aromatic hydro-
carbons and their derivatives.”® Since in mature PF-RUB thin
films molecules with both planar and twisted tetracene
backbones may occur,” isomers in both D, (twisted) and C,
(planar) symmetry'®** were considered for the computations.
As these results show that the computed spectra of the different
species are virtually identical (for details see the Supporting
Information), we do not distinguish between the different
conformations in the following.

As presented in Figure Sb, the computed spectrum (cyan
dashed curve) corresponds nicely to the experiment in Figure Sa.
Since oxidation of RUB was shown to significantly modify the
NEXAFS signature,"”*® the remarkably good agreement
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between experiment and theory supports our finding that the
PF-RUB films are stable against oxidation.

Since the computed spectrum represents the sum of all 11
partial NEXAFS spectra for the inequivalent individual excitation
centers (i.e., carbon atoms), this data can be easily separated into
one spectrum representing the contributions from carbon atoms
in the phenyl rings (purple dashed curve) and another one with
the peaks corresponding to excitation centers in the tetracene
backbone (olive curve). This analysis shows that the resonances
at lowest energy (284.5—285 eV) indeed result from excitations
of carbon atoms in the tetracene backbone. Also the electron
density in the corresponding final states is almost completely
localized in the tetracene backbone while no appreciable density
is found in the phenyl groups (cf. Figure Sc (i)). In the region of
the second-lowest peak, however, not only contributions from
excitations of tetracene core electrons but also from the
innermost carbon atom of the phenyl side groups (carbon
atom 6) are found. Moreover, even the strongest resonance at
about 288.2 €V embraces individual resonances from both, the
phenyl groups and the tetracene backbone (cf. Figure Sc (i, iv)
and Supporting Information), showing that the afore discussed
very simple interpretation of the resonances based on isolated
tetracene and PF-benzene spectra is not sufficient. Interestingly,
the excitations of the carbon atoms in the phenyl groups at 286.3
and 288.2 eV end up in an equivalent final molecular orbital as
visualized in Figure Sc (ii), (iii), hence demonstrating that the
energetic difference between both resonances directly results
from the aforementioned chemical shift between the carbon
atoms 6 and 7—11. As shown exemplarily for the excited states
presented in Figure Sc, the electron density is strictly limited to
either the backbone or the phenyl groups depending on the
respective excitation centers, demonstrating that the electronic
systems of the molecular subunits are indeed decoupled from
each other.

H CONCLUSION

In summary, we have investigated partially fluorinated (Fy4-
RUB) and perfluorinated rubrene (PF-RUB) in thin films and
solution with respect to their stability against oxidation. As we
observe by real-time absorption experiments of thin films that
were exposed to air for several hours, both the partially
fluorinated F ,-RUB and the fully fluorinated PF-RUB are
much more stable against oxygen than unsubstituted rubrene.
Moreover, using NEXAFS spectroscopy combined with DFT
computations we have analyzed the electronic structure and thin
film orientation particularly of PF-RUB and we show that the
molecules have not undergone a chemical reaction with oxygen.
While oxidation of the thin films through oxygen has been
investigated in the solid state, the electrochemical behavior
(oxidation/reduction) in solution has been examined by cyclic
voltammetric measurements. In addition, we further investigated
the reduction and oxidation potentials of the three compounds in
solution by comparison with DFT calculations. Both, experi-
ments in the solid state and in solution show that the fully
fluorinated PF-RUB is much more and the partially fluorinated
F,4+-RUB is considerably more stable than RUB, due to an
increased oxidation potential. A systematic tunability of the
oxidation potential depending on the degree of fluorination is in
good agreement with observations from other rubrene
derivatives with less fluorine.'*'”

As a consequence, we believe that both fluorinated rubrene
derivatives are promising candidates as an alternative to
unsubstituted rubrene (RUB) in terms of stability against
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photooxidation processes in organic electronics, since both F -
RUB and PF-RUB have sterical and optical properties that are
very similar to RUB. Hence, it would be vitally important to
measure the transport properties of the fluoriated rubrenes in
order to investigate whether these new compounds show
similarly high charge carrier mobilities.””> By now, it can be
speculated that, due to their reduced susceptibility to oxygen,
devices made of fluorinated rubrene would require less
protection against ambient influence than common RUB devices.
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