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ABSTRACT: A series of rubrene derivatives were synthesized
and the influence of the side group in enhancing photo-
oxidative stability was evaluated. Photo-oxidation half-lives were
determined via UV—vis absorption spectroscopy, which
revealed thiophene containing derivatives to be the most stable
species. The electron affinity of the compounds did not
correlate with stability as previously reported in literature. Our
work shows that shorter excited-state lifetimes result in
increased photo-oxidative stability in these rubrene derivatives.
These results confirm that faster relaxation kinetics out-
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compete the formation of reactive oxygen species that ultimately degrade linear oligoacenes. This report highlights the
importance of using molecular design to tune excited-state lifetimes in order to generate more stable oligoacenes.

B INTRODUCTION

Oligoacenes with linearly annellated benzene units have
received a great deal of attention in both experimental and
theoretical studies because of their high-performance proper-
ties in organic electronic devices. For example, pentacene and
its derivatives have proven to be one of the most successful
organic semiconductors for organic thin-film transistors due to
their high charge-carrier mobilities." ™ As oligoacene size is
varied, the electronic properties are modulated in a predictable
manner. For example, as oligoacenes increase in length, their
absorption red shifts, their intermolecular electronic couplings
become stronger, and their larger conjugated cores result in
reduced reorganization energies.” > Unfortunately increasing
oligoacene size also results in deleterious changes to some
properties including reduced solubility and rapid degradation,
such as photo-oxidation and dimerization.”~"> We have
previously reported the adoption of an unconventional
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“angular” mode of annulation to afford more stable
oligoacenes.'“™'® This type of motif increases both the
aromaticity and required distortion energy to form the oxidized
endo-peroxide. However, one of the most common strategies to
increase solubility and stability in this class of small molecules
is through the addition of bulky substituents, such as phenyl,
arylthio, or ethynyl moieties, at peri-positions.'”~>' The
enhanced stability of oligoacenes via addition of certain
substituents has been attributed to the combination of steric
resistance and electronic effects."””** Inclusion of bulky
substituents at the peri-positions has proven to be a successful
approach to reducing dimerization that has also served to
improve solubility. However, even substituted oligoacenes still
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Figure 1. All-aryl, mixed aryl and ethynyl, and all-ethynyl rubrene derivatives studied in this report.

suffer from photo-oxidation in both solution and the solid
state.'”

Ongoing discussion and experimentation have, thus far, not
been able to provide a consistent figure of merit or
measurement that directly correlates oligoacene chemical
structure and photostability. For example, Kaur et al. have
shown that, contrary to common perception, ethynyl-type side
groups are not the best-choice substituent. Silylethynyl-
substituted pentacenes, TIPS-pentacenes, are in fact not the
longest-lived species under photo-oxidative conditions; instead,
it is the alkylthio- and arylthio-substituted pentacenes that are
found to be most resistant to photo-oxidation.'” Maliakal et al.
explained the increased photostability of alkynyl-pentacenes by
their low-lying LUMO energy relative to pentacene.”
However, Linker and co-workers have determined that fast
competitive physical quenching of 'O, by ethynyl-substituted
pentacenes is also key to their persistence.

Tetracene is another model compound with high reactivity
to oxygen that can be used to investigate chemical stability.
Several derivatives of substituted tetracenes have been
reported, including diethynyltetracenes, tetraalkyltetracenes,
dialkoxytetracenes, and rubrene derivatives.””>*"* Notably,
rubrene has been extensively studied for many years because of
its extremely high carrier mobility.””** Indeed, it is well-
known that rubrene undergoes a fast oxidation process if
exposed to air. This oxidation process is strongly enhanced in
the presence of light and may be thermally reversed to form
the parent compound.” It has also been reported that, among
rubrene derivatives (tetrasubstituted tetracenes), the side
groups that result in lowering LUMO levels and imparting
steric hindrance of the acene core display stability improve-
ment over the benchmark rubrene molecule.”* However,
thiophene-containing derivatives have also shown significant
resistance toward photo-oxidation, which does not follow this
rationale.”” Due to the fact that few rubrene derivatives have
been reported, the effect of the substituents on the photo-
oxidation has not been fully comprehended, leaving a gap in
understanding about their oxidation process and what can be
done to mitigate rubrene degradation.

To address this issue, a library of six rubrene derivatives was
synthesized and investigated for photo-oxidative stability for
comparison against commercially available benchmark rubrene
(Rub-1) via a facile solution-state photo-oxidation experiment.
Here, the synergistic photostabilization effects of aryl, ethynyl,
and combinations of those and other side groups for rubrene
derivatives are explored. To our surprise, we did not observe a
correlation between deeper electron affinities, commonly
referred to as the LUMO energies, and increased stability of
the rubrene derivatives.”® We therefore extended our
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characterization of the rubrene derivatives to include their
photophysical properties. Excited-state dynamics experiments
of rubrene derivatives were determined via time-resolved
photoluminescence and transient absorption spectroscopy.
This report reveals that oligoacenes with shorter excited-state
lifetimes, rather than larger electron affinities, result in long-
lived and more photo-oxidatively stable compounds. We
postulate that more rapid excited-state decay kinetically out
competes the photosensitization and generation of reactive
oxygen species, thus enabling longer-lived species. We found
that thiophene analogues produced the shorter-lived rubrene
excited states and ultimately more stable rubrene derivatives.

B RESULTS AND DISCUSSION

Synthesis, Molecular Characterization, and Electronic
Structure. The rubrene derivatives studied in this report are
shown in Figure 1. Here, rubrene side groups are modified
with varying combination of phenyl, thienyl, trimethylsilyl
ethynyl, and phenyl ethynyl groups. The synthetic pathway to
these analogues was carried out in a two-step process:
previously reported quinones were added to a THF solution
of lithiated substituents followed by a reductive aromatization
step with either SnCl, or Znl, for the addition of ethynyl and
thiophene motifs, respectively (Scheme 1).””** Synthetic
protocols and characterization are reported in the Supporting
Information (Figure S1—S11). Target molecules were obtained
in moderate yields apart from Rub-3, which was isolated in
very low yields.

Figure 2A shows the absorption spectra of rubrene
derivatives obtained via UV—vis spectroscopy. Derivatives
containing only aryl-substituents (Rub-1, Rub-2, and Rub-3)
exhibit the most blue-shifted absorption spectra. Compared to
the Rub-1 peak absorption at 531 nm, the Rub-2 and Rub-3
spectra are slightly red-shifted by 3 nm (0.01 eV) and 7 nm
(0.03 eV), respectively. This small redshift in absorption is a
result of the increased electron donating inductive effect of
thiophene as compared to phenyl substitution. This is
supported by a deeper shift in the ionization potential (IP)
and electron affinity (EA) displayed in Figure 2B.

The mixed aryl- and ethynyl-substituted rubrene derivatives
produce a cluster of closely grouped absorption spectra that are
red-shifted compared to the all-aryl substituted rubrene
derivatives. The red-shifted spectra observed for this group
occurs as a result of the extended conjugation of the rubrene
core afforded by the ethynyl groups. A modest redshift of 2 nm
in peak absorption is observed in Rub-$ compared to Rub-4,
again due to stronger inductive effect of thiophene. Among the
mixed aryl and ethynyl derivatives, Rub-6 exhibits the most
red-shifted peak absorption at 578 nm, an 11 nm redshift
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Scheme 1. Two-Step Synthesis Pathway from Known
Quinones to Afford Rubrene Derivatives
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compared to Rub-4. This redshift was attributed to extended
conjugation of phenyl acetylene substituent compared to the
ethynyl Si(Me),. Overall, increasing ethynyl content resulted
in longer absorption wavelengths. This effect is most
dramatically observed in Rub-7 with the most red-shifted
peak absorption at 638 nm as it contains exclusively phenyl
acetylene substituents.

Cyclic voltammetry (CV) was performed in dichloro-
methane with 0.1 M tetrabutylammonium hexafluorophos-
phate as the supporting electrolyte to measure the oxidation
and reduction onsets used to calculate the ionization potentials
(IP) and electron affinity (EA) energies of the derivatives

(Figure 2B and Figure S12). Overall, there is a dispropor-
tionate shift in the EA among the target molecules compared
to the relatively unperturbed IP. This result suggests that the
HOMO of these molecules is stabilized by the tetracene core
and does not depend on the substituents added to the moiety.
In agreement with results observed in the UV—vis spectra,
thienyl substituents reveal a modest effect, lowering the
electrochemical bandgap (Eg) in Rub-2 and Rub-3 only
slightly as compared to Rub-1 by 0.05 and 0.11 eV,
respectively. Ethynyl substitutions yielded the most profound
effect upon the bandgap with Rub-7 having the deepest EA
energy of —3.6 eV. Based upon literature precedent, materials
with the lowest lying EA energy would be predicted to be the
most stable material, meaning that Rub-7 would be the most
stable of the prepared compounds in this study.””*"

Kinetics of Photo-Oxidation. To rank the substitution
effect upon photo-oxidative stability, chloroform solutions of
each rubrene derivative (2.0 X 107> M) were prepared and
exposed to ambient light and air at room temperature. UV—vis
measurements were taken at various times to track the photo-
oxidation process (Figure 3A). An example of this experiment
is shown in Figure 3B for benchmark Rub-1. After affirming
the spectral shape did not change, normalized peak wavelength
absorption-time profiles for each of the rubrene derivatives
were plotted, Figure 3C and 3D. These rubrene derivatives
were subjected to identical conditions so that the measured
half-lives could be directly compared."” Normalized peak
absorbance—time profiles were plotted for each derivative to
yield the relative stability toward photo-oxidation as follows:
(most stable) Rub-3 > Rub-2 > Rub-5 > Rub-7 > Rub-6 >
Rub-4 > and Rub-1 (least stable). The observed stability does
not correlate with the molar absorption coefficients of the
rubrene derivatives. Negligible degradation was observed over
a 24 h period in the dark.

To our surprise, a negligible increase in photo-oxidative
stability was observed in Rub-4 and Rub-6 as compared to the
commercially available Rub-1. Previous reports consistently
remark that acetylene-type substituents enhance stability of
pentacene compared to 6,13-bisphenyl pentacene analogues
via lowering of the LUMO, and thus lower triplet energy to
retard the sensitization of reactive oxygen—species.ls’20 Others

have postulated that the bis-ethynyl functionality enables the
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Figure 2. (A) UV—vis spectra of rubrene derivatives in chloroform and (B) energy level diagram of the derivatives determined from cyclic
voltammetry. The IPs and EAs were determined by solution state CV in CH,Cl,. The potentials were determined with ferrocene (Fc) as standard

by the formula: IP =

(B3 = Eree,” + 4.8) V and EA = — (B2
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EFC/FC+1/ 2 + 4.8) eV, wherein EFC/FC+1/ 2 =0.53 eV.
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Figure 3. (A) Photo-oxidation of 2.5 X 107> M rubrene solution in CHCl; under ambient conditions, (B) absorption degradation profile spectra of
Rub-1, and (C and D) normalized peak absorption-time profiles of rubrene analogues in short and extended time ranges, respectively.

physical quenching of 10223 for increased stability, however,
this effect is negligible and/or nonoperative in these studies as
Rub-6 rapidly degrades on the same order as Rub-1. Tetracene
has a shorter conjugation length than that of pentacene, thus
the bandgap is appreciably larger, and this mechanism is no
longer relevant to consider as revealed by transient absorption
spectroscopy (vide infra). A noticeable decrease of the EA
energy was observed with Rub-7, which did result in an order
of magnitude increase in observed half-life compared to Rub-1.
This result is consistent with the notion that lower LUMO
levels increase the oxidative stability of oligoacenes, however,
Rub-7 was not the most stable rubrene derivative, as would
have been expected based solely on the EA stabilization metric.

Thiophene containing species (Rub-2, Rub-3, and Rub-5)
showed the greatest resistance to photo-oxidation. The optical
and electronic properties, summarized in Table 1, did not show
significant correlation with the stability among these materials.
Thienyl- and ethynyl-containing Rub-$ has very similar
characteristics to Rub-4 and Rub-6 yet Rub-$ is nearly 40
times more stable. An even more drastic comparison is noted

Table 1. Optical, Electrochemical, and Half-Life Properties
of Rubrene Derivatives

optical electrochemical
s 5 T A E half life

compound  (nm) (e\%) (eV) (eV) (e\%) (mins)

Rub-1 531 2.19 -=5.12 —2.89 2.23 17

Rub-2 534 2.15 —=5.22 —3.04 2.18 >2400

Rub-3 538 208 =523 =311 2.12 very stable

Rub-4 567 2.04 —=5.21 -3.19 2.02 22

Rub-§ 569 2.02 —5.24 —-3.39 1.85 795

Rub-6 578 1.98 —-5.20 -3.29 191 22.5

Rub-7 638 1.79 —=5.20 —3.60 1.60 635
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between the strictly aryl-containing species; phenyl and thienyl
containing Rub-2 is at least three orders more stable than Rub-
1 while no degradation of Rub-3 is observed. These results are
reminiscent of work by Kaur et al. that report alkylthio- and
arylthio-substituted pentacenes were far more stable than the
ethynyl analogue.’”” Thus, the narrative of electronic
contribution of choice side groups must be challenged and
reconsidered from these experimental results; they do not have
an apparent trend upon photo-oxidative stability of tetra-
substituted tetracenes.

Molecular Structures and Crystal Geometries. To
understand how molecular design affects steric hindrance and
its impact on upon photo-oxidative stability, backbone torsion
caused by the peri-positioned side groups are examined.
Solution-borne crystals were analyzed via single crystal X-ray
crystallography. Individual molecules are shown in Figure 4.
The degrees of backbone twist were defined via the terminal
sp> carbons C; and C, orientation to C; and C,,

ii:
~
1 < y

\ !
Rub-4
®=97
(22 mins)

Rub-2
®=395
(>2400 mins)

Rub-3
®=294
(very stable)

(17 mins)

Rub-5
®=75
(795 mins)

(23 mins)

(635 mins)

Figure 4. Torsion angle along the backbone (®) was determined by
the C—C double bonds at either end of the tetracene backbone
(labeled as C1, C2, C3, and C4). Lifetimes are shown in parentheses.
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Table 2. Measured Half-Life Values and Calculated Transition State Energies (AG*) for All Rubrene Analogues®

Rub-1 Rub-4 Rub-6
Half-life 17 22 22.5
(mins)
AGH
238 23.7(263)  22.7(26.1)
(kcal/mol)

g
OO || 1<

9i¢ ||

II
®

Rub-7 Rub-5 Rub-2 Rub-3
635 795 >2400 Very Stable
24.8 25.0(262)  26.2(26.3) 27.6

\I/

IS

7 s

Ils\

N

“Energies were calculated at the DLPNO—CCSD(T)+M06-2X/cc-pVTZ//M06-2X/cc-pVDZ level of theory. Highlighted energies reflect the

preferred endoperoxide formation.

Although compounds Rub-1 and Rub-7 showed planar
conformation of the tetracenes, Rub-2 and Rub-3 have twisted
core conformations. It is likely that the interactions between
the side substituents strongly contribute to the planarization of
the tetracene cores. All the phenyl and thienyl substituents
rotated away from a coplanar conformation with the tetracene
backbone and lead to less conjugation, affirming the reduced
electronic effect these groups have on the tetracene core as
previously mentioned. Rub-2 and Rub-3 with at least two
thienyl substituents have larger twisted tetracene cores with
torsions of 29.4° and 39.5° respectively. The backbone twist
along the tetracene core is a consequence of interplay between
the intramolecular exchange-repulsion interaction of select side
groups and intermolecular interactions in the solid state as
previously described.”

Formed endoperoxides from the photo-oxidation of Rub-1,
Rub-4, Rub-5, and Rub-6 were purified and isolated in high
yields. Single crystal analysis showed formation of the
endoperoxide were stereoselective across the acetylene
functionalized ring, where applicable (see Supporting In-
formation, Figure S13). It is presumed the steric congestion by
the adjacent aryl group drives the stereoselectivity toward the
acetylene functionalized rings. Endo-peroxide forms of Rub-2,
Rub-3, and Rub-7 were not detected due to low yield,
suggesting these species may undergo other degradation
pathways in CHCl; or the endo-peroxide form was not stable
either.

Quantum-Chemical Calculations. In the spirit of our
earlier study on the oxidation stability of bistetracenes, we
carried out quantum-chemical calculations to examine how the
transition-state free energies (AG*), calculated on the basis of
the oligoacene ground-state electronic structure, compare to
the photo-oxidation kinetics, Table 2. The computational
details are given in section 9 of the SL***" The results
demonstrate that in all derivatives the preferred oxidation
pathway involves a concerted rather than stepwise mechanism
(see SI, Figures S18—S24 and Table S2). The calculated
transition-state free energies (AG*) are actually found to
correlate with the measured half-life values.

In the case of derivatives where the central rings of the
backbone are substituted by different groups, the transition-
state energies were evaluated on both inner rings to gauge the
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regioselectivity of endoperoxide formation. A lower AG*
energy is calculated for endoperoxide formation across the
ethynyl substituted rings in Rub-4, Rub-5, and Rub-6; the
reaction free energies also point to the same products as
thermodynamically favored, which corroborates with exper-
imental stereoselectivity determination of endo-peroxide
formation. For Rub-2, endo-peroxide formation was compet-
itive on both inner rings.

Mechanism and Time Resolved Spectroscopy. While
the quantum-chemical calculations correlate well with the
observed photo-oxidation half-lives, there remains a need to
experimentally rationalize the photo-oxidative stability in this
series of rubrene analogues, especially in light of the fact that
the measured IP and EA energies do not correlate with the
photo-oxidative stability order. A conclusive result thus far is
that thiophene moieties cause the system to be more resistant
to photo-oxidation. In order to shed more light onto this
matter, it is thus useful to investigate more deeply the
photophysical properties of these derivatives.

The mechanism to endo-peroxide formation, the likely
degradation pathway for the series of rubrene moieties, results
from interaction between the oligacene and reactive oxygen
species. The sensitization of O,*~ and 'O, may occur through
either type 1 or type 2 photo-oxidation, shown in Scheme 2.
First, light is absorbed to promote the acene to an excited
singlet state. Excitation is followed by two possible processes:
(1) relaxation of the excited state, either through radiative
(fluorescence) or nonradiative decay to the ground state, or
(2) intersystem crossing of the singlet state to the triplet state

Scheme 2. Photo-Mechanism of endo-Peroxide Formation

51

e transfer
; Type 1) Rub** + 0,*
| IsC Diels
5 § E T, 30, Alder
= < 1
* g| g[sr TT TEnersy Rub +10,
gl £ =0 £ | Transfer
; 2 Sl s1 3
< Z|2 | g (Type 2)
&
.
So v © EndoperOX/de
Rub (EPO)
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Table 3. Rubrene Derivatives Arranged in the Order of Photo-Oxidation Half-Life Tabulated against Fluorescence Quantum
Yield (®;), Emission Lifetimes (), Radiative (7,), and Non-Radiative (7,,) Lifetimes Determined from Time-Resolved

Photoluminescence (trPL)

half-life quantum yield emission lifetimes radiative lifetime nonradiative lifetime

71/, (min) D (%) 7¢ (ns) 7, (ns) 7, (ns)
Rub-1 17 84 (100)* 14.37 + 0.25 17.11 89.9
Rub-4 22 ~100 1593 £ 0.21 16.09 N/A
Rub-6 22.5 ~100 10.75 + 0.07 10.85 N/A
Rub-7 635 8.37 0.86 + 0.01 10.27 0.93
Rub-5 795 2 0.44 + 0.09“ 22.00 0.44
Rub-2 >2400 0.24 0.12 + 0.01 50.00 0.12
Rub-3 (stable) N/A 0.32 + 0.04

“A second component of 2.91 ns with contribution of <8% was obtained in the fit and corresponds to anomalous scattering from the excitation
pulse. Rub-3 showed negligible fluorescence intensity that was not reliable for determining ®x, which is therefore reported as N/A. With no @, for

Rub-3, 7, and 7,, could not be determined.

A) ) B) 0.0100 ) C
0.06 4 —0s . —0s )
Rub-2 ——1ps Rub-5 800 fs 0.12 4
0.0075 1 1
0.051 2ps ps
3ps 2ps 0.084
0.04 4 4ps 0.0050 4 ——5ps
5ps —ows 0.04 |
] —10 ——50 -
g 003 PS1 8 o0.00254 —ioos ©
9 ——20ps 3 100 ps 3
0.02 —— 30 ps /\ —— 500 ps 0.00-
—— 50 ps 0.0000 T N\r~J 1ns
0.01 ——100 ps -0.04 1
s 150 ps| ; ] '
000 250 0.0025
/ -0.08
-0.01 -0.0050

450 500 550 600 650 700 750 800
Wavelength (nm)

450 500 550 600 650 700 750 800
Wavelength (nm)

550 600 650 700 750 800
Wavelength (nm)

450 500

Figure S. fs-transient absorption spectra for very stable (A) Rub-2, intermediately stable (B) Rub-S, and (C) Rub-7. Singlet kinetic decay profiles
were obtained by fitting the single wavelength trace at 510 nm for Rub-1, 434 nm for Rub-2, 438 nm for Rub-3, 485 nm for Rub-4, 435 nm for
Rub-5, 480 nm for Rub-6, and 544 nm for Rub-7. Rub-2, Rub-$, and Rub-7 were excited at 560 nm and show similar broad absorption bands
associated with the singlet excited state of rubrene, concomitant with a ground state bleach. Rub-7 shows the evolution of a triplet state.

which can decay through phosphorescence or nonradiatively.
However, in the presence of oxygen, electron or energy transfer
can also occur from the (1) singlet or (2) triplet state of the
acene to the triplet ground state of oxygen to produce O,*”
and 'O, respectively. These O,*” and 'O, species are very
reactive and have been implicated as a primary culprit in
photobleaching of organic compounds. As photo-oxidative
degradation is an excited-state phenomenon, understanding
the photophysical characteristics of the tetrasubstituted
tetracenes is crucial to understanding why certain derivatives
show higher oxidative stability.

Femtosecond and nanosecond transient absorption (TA)
and time-resolved photoluminescence (trPL) were conducted
to observe excited-state decay rates of radiative and non-
radiative pathways for all rubrene derivatives. The mirror
image nature of the spectral shape of the absorbance (Figure
2A) and fluorescence spectra (Figure S14) suggest that
absorption and emission occur from the singlet state. TrPL
is used to measure the singlet excited-state emission decay
lifetimes across all rubrene derivatives, while TA gives radiative
and nonradiative singlet excited-state decay lifetimes for all
rubrene derivatives, as well as insight into the photophysical
processes involved in the excited-state deactivation in Rub-7
(Table 4).

Time-correlated single photon counting (TCSPC) was used
to collect transient emission profiles of each sample (Figure
S16). The entire emission peak of each rubrene sample was
integrated and used to produce a single kinetic trace, with good
reproducibility and signal-to-noise ratios. The samples for trPL
were prepared in the glovebox with dry chloroform. For Rub-4,
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Rub-6, Rub-7, Rub-2, and Rub-3, a single emission lifetime
was extracted by fitting a monoexponential function to the
emission decay profile, while for Rub-§, two lifetimes were
extracted from a biexponential fit of the emission decay profile,
one of which is attributed to anomalous scattering into the
detector. The emission lifetimes obtained through trPL are
tabulated in Table 3. Using the experimentally determined
emission quantum yields (Figure S15 and Table S1) and these
emission lifetimes, both the radiative and nonradiative lifetimes

@ _ (-
— k, =-——"> and

were calculated using the relation, k, = =
F F

T

kl (or 7, = ki) and are reported in Table 3. Among

synthetically obtained molecules, Rub-6 and Rub-4 reveal two
of the longer emission lifetime decays (7g) at ~11 and ~15 ns,
respectively and the highest fluorescence quantum yields. The
near unity quantum yield means that a nonradiative lifetime
cannot be calculated. Rub-1, which also shows long emission
lifetimes and high quantum yields produced the larger
calculated nonradiative lifetime (~90 ns). When considering
the photophysical data, a trend emerges, namely rubrene
derivatives with shorter nonradiative lifetimes (i.e., smaller 7,
values) show the largest t,,, values. Indeed, Rub-3 (z; = 0.35
ns) and Rub-2 (7z = 0.13 ns) possess the shortest emission
lifetimes and low or essentially undetectable quantum yields,
meaning that their 7, values are the smallest of the synthesized
moieties. Rub-3 and Rub-2 as well as derivatives with longer
half-lives have quantifiable fluorescent lifetimes, however, they
also have considerably low quantum yields, indicating the
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Table 4. Lifetimes Obtained by Single Wavelength Fitting of TA Data Compared to the Oxidative Half-Life”

T1/2 (min) T1 (ps) A1 T2 (ps) Az T3 (ps) As Triplet (us)
Rub-1 17 14100 £ 2580
Rub-4 22 16600 = 3670~
Rub-6 22.5 12400 = 1740r
Rub-7 635 871 £ 20.6r 82.5% 412 £10.2 17.5% 25.5+1.50
Rub-5 795 455+ 21.7r 87% 22.6 £8.52 13%
Rub-2 >2400 48.2 +£0.150 73.1% 125+ 5.30r 26.9%
Rub-3 (stable) 24.7 £1.60 89.3% 53.2 +4.60 8.1% 211+ 4.6r 2.6%

“The lifetimes in light yellow are assigned to radiative lifetimes by comparison to trPL (Table 3), while the lifetimes in blue are assigned to non-
radiative decay pathways. Lifetimes were obtained by fitting the single wavelength trace at 510 nm for Rub-1, 434 nm for Rub-2, 438 nm for Rub-3,
490 nm for Rub-4, 435 nm for Rub-5, 480 nm for Rub-6, and 544 nm for Rub-7. Triplet lifetime for Rub-7 was obtained by fitting the single

wavelength trace at 460 nm in ns-TA.

primary mode of singlet decay occurs through rapid non-
radiative pathways.

Both femtosecond (fs-TA) and nanosecond (ns-TA)
transient absorption experiments were performed to character-
ize the nature of the excited-state evolution for each rubrene
moiety. Samples were prepared in an inert glovebox environ-
ment using dry chloroform. No photodegradation of the
rubrene derivatives occurred during TA measurements as UV—
vis measurements taken before and after laser exposure were
identical. Rubrene derivatives were excited at 470 or 560 nm
depending on the location of absorption band of the respective
rubrene moiety. The excited-state evolution of Rub-1, Rub-2,
Rub-3, Rub-4, Rub-5, and Rub-6 were recorded with fs-TA
(Figure S and Figure S16). Rub-7 excited-state evolution
revealed longer lifetimes and was recorded with both fs-TA
and ns-TA (Figure S16). The fs-TA of each rubrene moiety
shows a ground-state bleach that matches the absorption
profile of each moiety. Excited-state absorption associated with
the singlet excited state is seen to the blue of each ground-state
bleach. For several rubrene moieties (Rub-1, Rub-2, Rub-3,
and Rub-6) an additional, less intense, excited-state absorption
is observed to the red of the ground-state bleach. The fs-TA
spectra of Rub-1, Rub-2, Rub-3, Rub-4, and Rub-5 essentially
decay back to the ground state with little shift in the excited-
state absorption bands. In these moieties, the bleach recovery
and excited-state decay occur with similar kinetics meaning
that the primary decay pathway occurs via radiative or
nonradiative decay from the singlet excited state back to the
ground state. The single wavelength decay (at approximately
the 440 nm peak) is fitted to either bi- or triexponential
functions. The lifetimes for each rubrene species are reported
in Table 4.

For each rubrene species radiative lifetimes can be identified
by comparing the lifetimes to the radiative and nonradiative
lifetimes determined through trPL and quantum yield
measurements (Table 3) to the lifetimes obtained through
single-wavelength fitting. Those lifetimes that correspond to
the radiative lifetime found from trPL are indicated by an r
superscript and labeled with yellow boxes in Table 4. The
additional lifetimes correspond to the nonradiative decay
pathways from this singlet state (labeled with blue boxes). The
most oxidatively stable rubrene species (Rub-3 and Rub-2)
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reveal, not only the shortest overall lifetimes, but also that the
largest contribution to their excited-state decay originates from
nonradiative pathways that generally possess smaller 7, values,
rather than the radiative pathway. For example, Rub-3, one of
the most photo-oxidatively stable rubrenes presented in this
study, shows a dominant nonradiative decay lifetime of ~25 ps
that accounts for ~89% of the decay profile, with minimal
(<3%) contribution from the radiative pathways. Additionally,
Rub-2 reveals a dominant nonradiative (~SO ps) decay
pathway accounting for >70% of fitted signal. The intermedi-
ately stable rubrene complexes (Rub-S and Rub-7), on the
other hand, show substantial contribution from the radiative
pathway (~87% and ~83%) with some contribution from a
nonradiative process. The least photo-oxidatively stable
complexes (Rub-6, Rub-4, and Rub-1), however, reveal no
contribution from nonradiative decay.

Rub-7 was analyzed using both fs-TA and ns-TA. This
derivative showed a broad singlet absorption band at ~540 nm
that decayed concurrent with initial ground-state bleach
recovery. The singlet, however, in this moiety was able to
undergo intersystem crossing to form a triplet state that grew
in at 460 nm in fs-TA. The triplet state decay was observed
over several microseconds using ns-TA, decaying back to the
baseline within the 100 us window used for fitting, indicating
that the long-lived species was not due to photodegradation of
the Rub-7.

Several points regarding the mechanism for degradation can
be elucidated from these photophysical studies. Because triplet
formation is observed in only one rubrene moiety (Rub-7) the
degradation mechanism involving singlet oxygen formation
through type 2 energy transfer can be discounted. Therefore, if
reactive oxygen species are involved in the degradation of the
rubrene moieties, it likely occurs via formation of O,°” by
electron transfer and subsequent attack of the rubrene (vide
supra). Further, ultrafast lifetimes of <50 ps completely
outcompete the collisional diffusion between the excited-state
rubrene and molecular oxygen to form O,°”, thus leading to
little to no yield of the endo-peroxide. This observed
relationship between photo-oxidatively resistant species and
average excited-state lifetimes of the rubrene derivatives is
illustrated in Figure 6, which depicts photo-oxidative half-lives
versus the average singlet state lifetimes, (7).
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Figure 6. Determined half-life (7,/,) plotted against average excited/
singlet state lifetime ((7)) of rubrene derivatives. Average lifetime is
calculated by the equation: () = (2f,7,2)/(Zf,7)."

A clear trend emerges when considering the photophysics of
the rubrene moieties presented in this work, namely, the
lifetimes of the dominant decay pathways for the seven
derivatives correlate inversely with the oxidative degradation
half-lives. The excited states of the more stable derivatives
decay through faster, nonradiative mechanisms, with nonstable
derivatives decaying through slower, radiative mechanisms.

B CONCLUSION

A library of rubrene derivatives are ranked in terms of photo-
oxidative stability to study the stabilization effect of aryl,
ethynyl, and combinations thereof side groups. Surprisingly,
stability does not correlate with electron affinity energies as
previously reported for substituted oligoacenes. The transition-
state energies for endo-peroxide formation (AG?), calculated
on the basis of the oligoacene ground-state electronic structure
of all derivatives, follow the experimental trends. Using
transient absorption and time-resolved photoluminescence,
we are able to show that increased stability is in fact directly
correlated with short-lived excited states that decay primarily
through nonradiative pathways. Thiophene containing mole-
cules (Rub-2, Rub-3, and Rub-5) displayed the shortest-lived
excited states where all-aryl type thiophene-containing
analogues impart the dominant nonradiative decay to the
ground state. This ultrafast decay back to the ground state
kinetically out competes electron transfer, thus immensely
suppressing the O,°” formation that ultimately photo-oxidizes
the chromophore. This report highlights the importance of the
photophysical kinetics for the realization and rational design of
stable linear oligoacenes. The implications of this correlation
between short (nonradiative) excited-state lifetimes and
enhanced oxidative photostability reveal a critical design
principle that can be used to generate more stable, further
extended oligoacenes for high-mobility performance in organic
field-effect transistors and photovoltaics.
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