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ABSTRACT: Understanding the fundamental spin dynamics of photo-
excited pentacene derivatives is important in order to maximize their
potential for optoelectronic applications. Herein, we report on the synthesis
of two pentacene derivatives that are functionalized with the [(2,2,6,6-
tetramethylpiperidin-1-yl)oxy] (TEMPO) stable free radical. The presence
of TEMPO does not quench the pentacene singlet excited state, but does
quench the photoexcited triplet excited state as a function of TEMPO-to-
pentacene distance. Time-resolved electron paramagnetic resonance experi-
ments confirm that triplet quenching is accompanied by electron spin
polarization transfer from the pentacene excited state to the TEMPO doublet
state in the weak coupling regime.

Acenes are molecules formed from linearly fused benzene
rings. As a result of their rather unique π-electron systems,

acenes show a variety of interesting physical and optoelectronic
properties. Significant effort has been devoted toward extending
the length of the acene unit to decrease the HOMO−LUMO
gap, which might improve performance in device applica-
tions.1−6 Attempts to synthesize longer acenes, however, have
demonstrated a drastic decrease in stability beyond the size of
pentacene (five fused rings).7−13 It has been reported that one
reason for the instability of larger acenes is the open shell
character of their ground state, suggesting that radical character
might play an important role in the future of this class of
compounds.3,14

Pentacene and its derivatives offer a potential compromise
between stability and desirable properties and have thus
received a disproportionate amount of the attention as small
molecule semiconductors for photophysical applications.15−17

The pentacene skeleton can be easily decorated with a variety
of functional groups, which provide opportunities to explore
and tune the structure,18−22 function,23 stability,24,25 and
processability.2,4,26

From a photophysical perspective, excitation of a pentacene-
based chromophore gives a singlet excited state, which has the
potential to transform to the triplet excited state through the
spin-selective process of intersystem crossing (ISC). While ISC

has been investigated for pentacene derivatives in the solid
state,27,28 the same level of understanding of excited state
dynamics has not yet been achieved in solution, where
intermolecular interactions and photochemical processes are
diffusion limited. Hence, it is clearly essential to develop a
fundamental understanding of the spin dynamics of photo-
excited pentacene derivatives in solution, in order to optimize
and customize such materials for optoelectronic applications.
A simple and effective way to explore the spin dynamics of an

excited chromophore without greatly perturbing its excited
state energies is to introduce an unpaired spin in the form of a
stable free radical.29 It has been thoroughly documented that an
unpaired electron spin enhances the ISC process, which is
termed enhanced intersystem crossing (EISC) or spin
catalysis.30 This concept offers an opportunity to explore the
spin dynamics of photoexcited pentacene derivatives, via
incorporation of a stable radical group pendent to the acene
chromophore. To probe this hypothesis, we envision a series of
pentacene derivatives with the TEMPO free radical appended
from the 13-position, opposite to the triisopropylsilylethynyl
group in the 6-position. Two pentacene-TEMPO dyads have
thus been targeted, Ra and Rb, along with two “nonradical”
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reference compounds, NRa and NRb (Figure 1). The two pairs
of pentacene derivatives Ra/NRa and Rb/NRb are designed
with and without an alkyne spacer, respectively, so that the
impact of the TEMPO free radical on pentacene in the ground
and excited state can be evaluated based on two factors: (1) the
overall distance of the radical from the pentacene framework
and (2) molecular geometry, i.e., either a conjugated, planar
arrangement of the phenyl ring to the pentacene core attached
via the ethynyl spacer (Rb/NRb) or a nonplanar arrangement,
where the phenyl ring is perpendicular (decoupled) to the
pentacene core due to steric hindrance (Ra/NRa).
During the course of our studies, Teki and co-workers

reported on the synthesis and characterization of pentacene
derivatives covalently linked to conjugated stable free radicals
and observed increased photostability. These pentacene
derivatives were studied via time-resolved pump−probe
spectroscopy and time-resolved electron paramagnetic reso-
nance (EPR) spectroscopy. This report showed enhanced
intersystem crossing (EISC), quartet state population due to
strong spin−spin exchange coupling between the stable free
radical and pentacene, and singlet fission (SF).31,32 The
intriguing results from Teki and co-workers offer a significant
basis for comparison for the photophysical behavior of Ra and
Rb.
Based on the synthesis and study of Ra/NRa and Rb/NRb,

we demonstrate in this report that the pentacene excited state
can be selectively influenced by an unconjugated TEMPO stable
free radical, where the spin−spin exchange couplings between
the excited state and the radical are in the weak spin−spin
exchange coupling regime. This result is particularly important
because it presents the possibility that stable free radicals may
be used to control the photoexcited spin states in organic
molecules based on manipulating the magnitude of the
magnetic-exchange interaction via the extent of conjugation
with, and the distance from, a stable free radical.

■ RESULTS AND DISCUSSION
Synthesis. The synthesis of all four pentacene derivatives

followed a similar route, beginning with addition of either

lithiated 1a33 or 1b34 to ketone 235,36 (Scheme 1). In each case,
the requisite aldehyde groups of the aryl (1a)37 or acetylide

(1b)38,39 moieties were protected as the corresponding acetals.
Addition of the aryl lithium or lithiated acetylide gave diols 3a
and 3b, which were then subjected to reductive aromatization
in the presence of acid and SnCl2·2H2O. These conditions
concurrently removed the acetal protecting group to give
directly 4a and 4b. The aldehyde functional groups of 4a and
4b provided a convenient synthetic handle for introducing
either the TEMPO or cyclohexyl moiety based on imine
formation using a procedure introduced by Stefani and co-
workers.40 Briefly, pentacene aldehydes 4a and 4b were
subjected to sonification in the presence of alumina gel with
either excess 4-amino-TEMPO or cyclohexylamine, in the
absence of light. The alumina gel was removed by filtration, and
the resulting product precipitated from the reaction mixture by
addition of MeOH. This protocol gave radicals Ra and Rb in
yields of 77% and 85%. Model compounds NRa and NRb in
63% and 97%, respectively, using the same general protocol.41

A crystal of Ra suitable for X-ray crystallographic analysis was
grown at rt by slow evaporation of a CH2Cl2 solution layered
with acetone. The molecular structure confirms the decoupling
of the pendent TEMPO fragment and the pentacene core, via
the orthogonal phenyl bridge (Figure 2). The packing of Ra
shows π-stacking only between two neighboring molecules,
arranged in centrosymmetric “dimeric pairs” with no long-range
stacking.

Photophysical Characterization. Ground-state electronic
properties have been probed by means of steady-state UV/vis
absorption spectroscopy, and the most important values are
summarized in Table 1. Compounds Ra and NRa show similar
absorption maxima of λabs = 620−621 nm indicating little, if
any, electronic communication between the pendent sub-
stituents and the pentacene skeleton in the ground state. On
the other hand, Rb and NRb show red-shifted absorptions (λabs
= 656 nm) compared to Ra and NRa, due to extended
conjugation through the acetylene spacer and a coplanar
conformation between the pentacene and aryl rings.

Figure 1. Pentacenes featuring a TEMPO free radical linked via an
imine bond to a “nonplanar” phenyl spacer (Ra) and a “planar”
phenylethynyl spacer (Rb); the structures of reference compounds,
imines NRa and NRb.

Scheme 1. Synthesis of Pentacene Radicals Ra and Rb and
Model Compounds NRa and NRb
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To shed light on the excited-state interactions, steady-state
fluorescence measurements were performed on both the radical
and nonradical species in THF with 610 nm photoexcitation.
These experiments show fluorescence at 600−800 nm, with
maxima and shoulders at ca. 660 and 725 nm, respectively, for
all four compounds. From gradient analysis, fluorescence
quantum yields (ΦF, Figure 3 and Table 1) of 5.8 ± 0.4% for

NRa, 6.2 ± 0.9% for Ra, 23.8 ± 0.7% for NRb, and 25.3 ± 0.5%
for Rb were determined. The fact that NRb and Rb have larger
ΦF values than NRa and Ra is consistent with the slower τISC
and longer τF observed for the former. The presence of the
TEMPO radical has no appreciable impact on the fluorescence
quantum yields. Fluorescence lifetime measurements (τF) are
summarized in Table 1 and further corroborate the
aforementioned trend. In particular, lifetimes measured for
NRa and NRb with τF = 6.6 ± 0.5 and 11.2 ± 0.1 ns,

respectively, are nearly the same as those determined for Ra
and Rb with τF = 7.2 ± 0.03 and 11.6 ± 0.4 ns, respectively.
Transient absorption (TA) pump probe experiments have

been performed on NRa/NRb and Ra/Rb in THF (Figure 4).

All samples have been photoexcited at 610 nm to populate
exclusively the first singlet excited states (S1), and the
differential absorption changes were recorded with delays on
the 0.5 ps to 7.5 ns and 1 ns to 250 μs time scales
(corresponding spectra are presenting in the Supporting
Information (SI)). In the range of 0.5 ps to 7.5 ns after
excitation, the differential absorption spectra are dominated by
transients with maxima at 450, 510, 580, and 1225 nm and by
bleaching with minima at 660 and 730 nm. The maxima in the
visible and near-infrared are assigned to singlet−singlet
transitions, while the minima in the visible reflect ground
state bleaching and stimulated emission. Overall, the singlet-
excited states of all samples are metastable and susceptible to a
monoexponential, strict first-order ISC to afford the corre-
sponding triplet states. From multiwavelength analyses, non-
radiative ISC lifetimes (τISC, Table 1) of τISC = 6.6 ± 0.1, 9.8 ±

Figure 2. X-ray crystallographic structure of Ra illustrating the
structure of the pendent TEMPO group and the pentacene
chromophore (ORTEP drawn at 50% probability level; hydrogen
atoms have been omitted for clarity).

Table 1. Summary of Photophysical Propertiesa

compd λabs (nm) λem (nm) ΦF (%) τF (ns) τISC (ns)

NRa 620 658 5.8 ± 0.4 6.6 ± 0.5 6.6 ± 0.1
Ra 621 658 6.2 ± 0.9 7.2 ± 0.03 7.1 ± 0.1
NRb 656 664 23.8 ± 0.7 11.2 ± 0.1 9.8 ± 0.1
Rb 656 665 25.3 ± 0.5 11.6 ± 0.4 9.6 ± 0.1

aObtained at 0.1 mM (τF and τISC) and 0.01 mM (λabs, λem, and ΦF) in
THF.

Figure 3. Absorption spectra (solid lines) of NRa (red), Ra (black),
NRb (light gray), and Rb (dark gray) and fluorescence spectra
(dashed lines) of NRa (red), Ra (black), NRb (light gray), and Rb
(dark gray) recorded in THF; excitation wavelength of 610 nm.

Figure 4. Differential absorption changes (visible) obtained upon
femtosecond pump−probe experiments (610 nm) in THF saturated
with argon for (a) Ra and (b) NRa at rt and with time delays between
0 and 0.0383 μs. Time absorption profiles at 438 (black) and 508 nm
(red) monitoring the excited state dynamics for (c) Ra and (d) NRa.
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0.1, 7.1 ± 0.1, and 9.6 ± 0.1 ns were determined for NRa, NRb,
Ra, and Rb, respectively. The similar fluorescence lifetimes
(τF), quantum yields (ΦF), and ISC lifetimes (τISC) observed
for Ra/Rb and NRa/NRb suggest that TEMPO does not
significantly influence the pentacene ISC process in these
systems.
On the complementary time scale of 1 ns to 250 μs, new

differential absorption spectra evolve. For example, at time
delays of 15 ns the differential absorption spectra are composed
of positive transients in the range up to 550 nm and beyond
700 nm (including maxima at 470, 500, and 780 nm), as well as
negative transients in the range from 550 to 700 nm (including
minima at 600 and 650 nm), indicating that the pentacene
triplet state is formed.8,42,43 This is followed on the micro-
second time scale by quantitative recovery of the singlet ground
state with lifetimes in the range of μs for NRa and NRb that is
dominated by triplet−triplet annihilation with a second-order
rate constant of about 108 M−1 s−1.
Turning to pump−probe experiments, performed on Ra and

Rb, quenching of the corresponding triplet excited states is
observed with no evidence of singlet fission (SF).44

Considering the low triplet quantum yields and triplet
extinction coefficients observed for Ra and Rb (ca. 10% and
150 000 M−1 cm−1, respectively), we have focused on the
indirect photoexcitation, via triplet sensitization experiments
with a N-fulleropyrrolidine (N-MFP) to determine the rate of
quenching (Figure 5). Diffusion controlled triplet excited-state
energy transfer populates the triplet excited states of Ra and Rb
with rate constants of around 109 M−1 s−1. From multi-
wavelength analyses, triplet lifetimes (τT) of τT = 35 ± 1 μs for
Ra and 8 ± 0.5 μs for Rb relative to τT = 53 ± 0.5 μs for NRa
and 31 ± 0.5 μs for NRb are determined. The difference
between the triplet lifetimes of Ra and Rb shows that the triplet
excited-state quenching mechanism appears to be dependent
on the pentacene−TEMPO distance.
EPR Spectroscopy. Steady-state continuous wave (CW)

and time-resolved (TR) electron paramagnetic resonance
(EPR) experiments at X-band (9.5 GHz) have been conducted
on the pairs Ra/NRa and Rb/NRb, in order to examine the
triplet excited state and the quenching process. The steady-state
CW EPR spectra of Ra and Rb at rt (in toluene solution) are
shown in Figure 6a. Both spectra consist of three lines centered
at g = 2.0057 resulting from hyperfine coupling of the unpaired
electron with the nitroxide 14N nucleus (aN = 1.5 mT). The
intensity of the hyperfine lines decreases with MI, which is
indicative of a slower rotational correlation time.45 At 85 K
(Figure 6b), the TEMPO powder spectrum is observed due to
hyperfine anisotropy and g-anisotropy in a randomly oriented
spin system with rhombic symmetry.46

TREPR spectra were obtained at 85 K following photo-
excitation with a 7 ns, 590 nm laser pulse. The TREPR spectra
of NRa and NRb (Figure 7) consist of a broad signal
characteristic of a spin-polarized triplet excited state that decays
on the microsecond time scale. The TREPR spectrum for a
frozen butyronitrile solution of TIPS pentacene (TIPSPn)47

was also obtained (Figure 7c), because no powder spectrum for
the TIPSPn triplet excited state has yet been reported in the
literature, although pentacene triplets have been studied
extensively48−55 in host−guest crystals of p-terphenyl, naph-
thalene, and benzoic acid. All three compounds NRa, NRb, and
TIPSPn yield identical spectra consisting of a broad feature
with an a,a,e,a,e,e (a = enhanced absorption, e = emission)
polarization pattern, consistent with a spin−orbit ISC

mechanism that selectively populates the y- and z-triplet
sublevels.56 In the TREPR spectra for Ra and Rb (Figures.
7d,e), this signal is completely quenched, and a narrow,

Figure 5. Differential absorption changes (visible) obtained upon
femtosecond pump−probe experiments (480 nm) of a N-MFP (8.0 ×
10−5 M) with (a) Rb and (b) NRb (1.0 × 10−4 M) in THF saturated
with argon at rt with time delays between 0 and 105 μs. Time
absorption profiles at 508, 625, and 700 nm (black, red, gray,
respectively) monitoring the ISC, the transduction of triplet excited
state energy, and the triplet excited state decay of the photoexcited N-
MFP with (c) Rb and (d) NRb.

Figure 6. Steady-state CW EPR spectra of Ra (black trace) and Rb
(red trace) at X-band (9.5 GHz) (a) obtained at 295 K with 0.005 mT
modulation amplitude and (b) collected at 85 K with 0.02 mT
modulation amplitude.
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absorptively polarized signal is observed at g ≈ 2. As shown in
Figure 7f, the line shape of this signal matches that of the
integrated steady-state CW EPR spectrum of the TEMPO
radical itself indicating that a transient absorptive polarization
of the nitroxide doublet state occurs by polarization transfer
from the spin-polarized pentacene triplet state.
The appearance of spin polarization as a result of radical-

triplet interactions has been studied in both strong and weak
magnetic exchange coupling regimes and is commonly
attributed to one of three possible mechanisms, namely the
radical-triplet pair mechanism (RTPM),57−61 electron spin
polarization transfer (ESPT),62−64 or the reversed quartet
mechanism (RQM).65 For RTPM, diffusional encounters
between a radical and a spin-polarized triplet excited state in
solution lead to a significant spin−spin exchange interaction
between the two species. To this end, doublet and quartet
excited states are generated, and in turn, their resulting
polarization is determined by the sign of the exchange
interaction between the photogenerated triplet and the radical,
JTR. For RQM, a fixed distance between the radical and the
triplet excited state results in strong exchange interactions. This
allows for mixing between doublet and quartet excited states
and selective depletion of the doublet excited state to the
ground state. Importantly, the conservation of spin multiplicity
mandates a polarization inversion with time. Despite the fact
that pentacene and TEMPO are covalently linked in these
molecules, no quartet excited states are observed, and the

TEMPO polarization does not invert over time. Thus, these
results are not consistent with the RTPM and RQM
mechanisms. In contrast, the ESPT mechanism requires that
the initially spin-polarized triplet excited state transfers its
polarization to the radical by spin exchange, accompanied by
quenching of the excited triplet state to the ground state singlet.
The TREPR data in Figure 7 and the TA measurements both
support the ESPT mechanism. Thus, the logical conclusion is
that the ESPT mechanism (Figure 8) is responsible for the
photophysical changes observed upon the covalent attachment
of TEMPO to the pentacene framework via either a phenyl or a
phenylethynyl spacer.

■ CONCLUSION
In summary, the first pentacene derivatives with a TEMPO
stable free radical appended to the acene framework have been
synthesized. Ultrafast TA experiments reveal spin−orbit ISC
from the singlet excited state to the triplet excited state with no
indication of enhanced intersystem crossing, while the triplet
excited state is quenched by the TEMPO radical as a function
of TEMPO-to-pentacene distance. TREPR experiments con-
firm that the pentacene triplet excited state is quenched by the
electron spin polarization transfer mechanism indicating the
TEMPO and pentacene are in the weak spin-exchange regime.
We have successfully demonstrated that the extent of magnetic-
exchange coupling between a stable free radical and excited
state pentacene derivative can be modulated by spacial
parameters dictated by the linker between these two groups.
Furthermore, comparison of our results to those of Teki and
co-workers in ref 31 shows that the extent of conjugation to the
stable free radical also plays a role. These findings are important
for the synthetic design of organic chromophores with the
intention to impart selective control on the ISC process via
magnetic-exchange coupling, i.e., how the excited state decay
channels can be modulated through the choice of stable free
radical as well as chromophore structure and geometry.
Ultimately, switchable behavior might be envisioned through
the design and synthesis of organic chromophores with
differing stable free radicals that demonstrate varying
magnetic-exchange coupling.

■ ASSOCIATED CONTENT
*S Supporting Information
Details of experimental procedures and characterization;
crystallographic information in the form of CIF files; details
of photophysical characterization. This material is available free
of charge via the Internet at http://pubs.acs.org.

Figure 7. TREPR spectra obtained at 85 K. Field-swept, echo-detected
(FS-ED) spectra of (a) NRa, (b) NRb, (c) TIPSPn were collected
3000 ns after a 7 ns, 590 nm laser pulse. Transient continuous wave
(TCW) EPR spectra for (d) Ra and (e) Rb collected 2000 ns after a 7
ns, 590 nm laser pulse. (f) Overlay of the integrated TEMPO CW EPR
spectrum (red) with the 400 ns time trace from the Ra TREPR
spectrum (blue).

Figure 8. Jablonski diagram of the decay pathway for the pentacene
radicals, as shown for Ra.
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■ NOTE ADDED AFTER ASAP PUBLICATION
Scheme 1 and References 21 and 36 have been updated. The
revised version was re-posted on January 8, 2015.
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