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Electron spin relaxation rate (eSR) is investigated on several organic semiconductors of different morphologies
and molecular structures, using avoided level crossing muon spectroscopy as a local spin probe. We
find that two functionalized acenes (polycrystalline tri(isopropyl)silyl-pentacene and amorphous 5,6,11,12-
tetraphenyltetracene) exhibit eSRs with an Arrhenius-like temperature dependence, each with two characteristic
energy scales similar to those expected from vibrations. Polycrystalline tris(8-hydroxyquinolate)gallium shows
a similar behavior. The observed eSR for these molecules is no greater than 0.85 MHz at 300 K. The variety of
crystal structures and transport regimes that these molecules possess, as well as the local nature of the probe,
strongly suggest an intramolecular phenomenon general to many organic semiconductors, in contrast to the
commonly assumed spin relaxation models based on intermolecular charge-carrier transport.

I. INTRODUCTION

Research into organic semiconductors has progressed at
a phenomenal rate over the last few decades, with great
success in moving from the initial stages of understanding
the fundamental physics, through to today where products
are entering the market.1 Besides their ability to transport
charge or emit light, there has recently been an interest in
organic semiconductors as candidates for future spin-based
technologies. This is thanks to their long spin coherence
time and their suitability as a system for studying the
fundamental spin phenomena relevant to many materials and
applications.2–5

Traditional explanations for their long spin coherence time
τe are a weak hyperfine coupling of the electron’s spin to
the nuclear spins6 or a weak spin-orbit (SO) interaction due
to organic semiconductors being composed of light species.7

Currently, it is not clear what the dominant spin relaxation
mechanism is, as there is a lack of experimental techniques
that can directly probe τe microscopically.

Current experimental estimates of τe vary between a few
microseconds to a second or more,5,8 which may be representa-
tive of the indirect nature of the experimental measurement. In
these measurements, spin coherence times were extracted from
magnetotransport measurements on unipolar spin-valve-like
structures.3,6,8 This approach requires a robust theoretical
model; those applied thus far are analogs of the Elliot-Yafet9

or D’yakonov-Perel mechanisms,10 or one involving electrons
observing a random hyperfine field upon hopping between
molecular sites.11 All of these theoretical models are transport
based and require an accurate measure of the charge-carrier
mobility, whose uncertainty2,12 even in well-defined organic
light-emitting diode (OLED) structures leads to a significant
error in the value of τe. Electron paramagnetic resonance
(EPR) is potentially capable of providing this information,

but it requires a material with intrinsic electrons or electrons
provided by doping, which is not always possible or desirable.

In the following, we show that muon spin relax-
ation/resonance (μSR) can be used to measure the intrinsic
electron spin relaxation rate and we find strong evidence for
an intramolecular based spin relaxation mechanism in several
different molecules with an acene backbone. Furthermore,
from measurements on a different molecule based on hy-
droxyquinolate, it appears that this mechanism may be quite
general.

II. SAMPLES AND EXPERIMENTAL METHOD

A. Sample preparation and properties

We performed avoided level crossing (ALC) measure-
ments on two functionalized acenes 6,13-bis(tri(isopropyl)
silylethynyl) pentacene (TIPS-pentacene) and 5,6,11,12-
tetraphenyltetracene (rubrene), based on a pentacene and
tetracene backbone, and tris(8-hydroxyquinolate)gallium
(Gaq3) with a tri-ligand molecular structure. Their molec-
ular structure is shown in Fig. 1. TIPS-pentacene was
synthesized according to a published procedure,13,14 and
was additionally purified by repeated recrystallization from
dichloromethane/ethanol. The measured TIPS-pentacene sam-
ple was a polycrystalline powder. Sublimed grade rubrene
was purchased from Aldrich. Amorphous rubrene was then
prepared by first heating the powder to above its melting
temperature (355 ◦C) between two glass slides to prevent
sublimation of the material, with subsequent quenching on
metal plates kept at 0 ◦C. Gaq3 was synthesized using a pub-
lished method15 and purified using train sublimation, resulting
in a polycrystalline structure. These materials were chosen
due to the pronounced differences in solid-state packing.
TIPS-pentacene crystallizes in a two-dimensional brickwork
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FIG. 1. (Color online) Molecular structures of (a) TIPS-
pentacene, (b) rubrene, and (c) Gaq3 (Refs. 13, 14, and 22–24).
Hydrogen has been omitted for clarity.

arrangement, with close π-π overlap, which results in very
high charge-carrier mobilities.16,17 In contrast, the rubrene
investigated here was an amorphous powder and as a con-
sequence had very poor charge transport. Gaq3, an analog of
tris(8-hydroxyquinolate)aluminium (Alq3), crystallizes with a
one-dimensional helical packing.18

B. Muon spin relaxation technique

The μSR technique is based on positively charged surface
muons with near 100 % spin polarization, which are implanted
into the organic samples. The muons can either thermalize as
diamagnetic positively charged species or form a hydrogen-
like muonium.18–21 Due to unsaturated bonds that are present in
the molecules, this muonium can react with a molecule creating
a paramagnetic molecule. In a “longitudinal field” experiment
a magnetic field is applied parallel to the muon’s initial spin
direction. The energy levels of the singlet/triplet states of the
bound muonium are tuned via the Zeeman interaction.21 In
high magnetic fields, where most of these experiments were
carried out, the eigenstates of the spin systems are to a good
approximation pure Zeeman product states. Muons implanted
with their spins parallel or antiparallel to the field are thus in
an eigenstate, and no time evolution of spin polarization is
expected.25 At a particular longitudinal field cross relaxation
effects produce a so-called avoided level crossing (ALC), at
what would otherwise be energy-level degeneracies, and eigen-
states are mixtures between two Zeeman states. Whenever the
two mixing levels belong to different muon magnetic quantum
states, the muon’s spin polarization oscillates between the two.
The position and linewidth of these so-called ALC resonances
are determined by the muon-electron isotropic and anisotropic
hyperfine coupling (HFC).21,25

In solids, dipolar coupling drives a single-particle muon
spin-flip (�1) transition, which is absent in liquids and is inde-
pendent of the other nuclei in the system. The width of the �1

line depends on the dipolar coupling strength but its intensity
(asymmetry change) remains constant. A muon-nuclear-spin
flip-flop (�0) transition can also sometimes be observed in

solids but is generally weaker than the �1. Importantly, it
broadens with increasing dipolar coupling and the intensity at
any one field drops, resulting in a relatively small contribution
to the experimental data (as demonstrated and discussed in the
Appendix). The muon-nuclear-spin flip-flip transition (�2) is
also negligibly small, since the coupling frequencies are small.
In solids therefore experimental data tend to be dominated by
the �1 transitions, which is an extraordinarily sensitive probe
of radical dynamics,25–27 including the electron spin relaxation
rate.25,28

The muon experiments were performed on the ARGUS,
EMU, and HIFI spectrometers at the ISIS Muon Source,
Rutherford Appleton Laboratory and the DOLLY spectrometer
at the Laboratory for Muon Spectroscopy, Paul Scherrer
Institute. 115 mg of TIPS-pentacene, 190 mg of rubrene, and
800 mg of Gaq3 were placed into 15 × 25 mm envelopes made
from 25 μm thick silver foil (99.99 % pure). To ensure the
muons stopped in the organic material, one further layer of the
25 μm silver foil was placed on top to act as a degrader. For
the experiments performed at ISIS, “fly-past” mode was used
such that ∼95 % of the measured muons were implanted in the
sample with the remaining ∼5 % stopping in the silver foil or
sample holder. All remaining muons were able to exit into a
long tube and stop at the end, where their decay positrons were
out of range of the detectors. Active veto was not necessary
at PSI, as the beam area was smaller than the well-centered
sample.

III. RESULTS AND DISCUSSION

A. Data analysis: ALC simulation

Figure 2(a) shows the time-integrated data21,29 measured
for TIPS-pentacene at 300 K. Data analysis was made using
the program WiMDA.30 The shown curve is the so-called
repolarization curve representing the realignment of the muon
spin ensemble in the external magnetic field. It can be also
seen that an ALC line shape appears at about 0.3 T as
indicated by the black arrow. Because the ALC line shape
is placed on the slope of the repolarization curve, the ALC
has to be extracted from the repolarization curve. To this
end, the repolarization data were fitted to a four-component
repolarization function.21,29 The points within the ALC were
omitted from the fit, which is shown as a solid line. As
the slope region of the repolarization curve was temperature
independent, the 300 K fit could be also used for other
temperatures as indicated in the inset of Fig. 2(a). The extracted
ALC line shape for the case of 10 K can be seen in Fig. 2(b). For
rubrene, we used a two-component anisotropic repolarization
curve with a superimposed ALC. And for the ALC measured
on Gaq3, we used a linear background using points outside the
range of the ALC, since the ALC is located at much higher
magnetic fields well away from any repolarization.

The extracted ALC for TIPS-pentacene at 10 K, shown in
Fig. 2(b), is close to 0.3 T corresponding to a low isotropic
HFC constant of approximately 80 MHz. The shape of the
ALC suggests an involvement of two very close individual
�1 transitions. They correspond to the muonium addition
sites at the spine and the triple bond of the side group. The
muonium states and sites are further discussed with the help
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FIG. 2. (Color online) (a) The repolarization curve for TIPS-pentacene at 300 K was fitted to a repolarization function (solid line, see
text) in order to extract the avoided level crossings (ALCs) at about 0.3 T. The fitted function could be used for all temperatures (see inset).
(b) The extracted ALC for TIPS-pentacene at 10 K is in fact composed of two individual ALCs. The simulated ALC (solid line) exhibits good
agreement with the data. (c) The extracted ALC for rubrene at 280 K. In this case, a simulation of the ALC was unfortunately impossible due
to its high relative width (see text). (d) For Gaq3, the simulations again represent the data well.

of high transverse field measurements and DFT calculations
in the Appendix. We have thus simulated the TIPS data as
two independent �1 transitions, assuming an electron spin
relaxation rate of 0.02 MHz at low temperatures (the lower
limit of our sensitivity given our statistics). This assumption is
justified if the electron spin relaxation rate is strongly governed
by a temperature-dependent effect, such as if it were coupled
to the population of vibrational modes. The simulations of the
two �1 ALCs have been done with the software QUANTUM.31

The dynamical calculation with a Monte Carlo (MC) powder
averaging was used, with about 10 000 MC steps for each
magnetic field. The obtained values for the isotropic and
anisotropic HFCs, as well as the relative amplitudes of the
two ALCs, are shown in Table I. The simulated ALC line
shape (solid line) exhibits good agreement with the data.

The analysis of the rubrene spectra [280 K shown in
Fig. 2(c)] has proven to be more difficult, as unfortunately no
reliable simulation of the ALC could be carried out. We were
unable to establish the scaling factor between polarization and
asymmetry, related to the width and strength of the ALC,
which is in turn related to a range of muon-electron hyperfine
coupling constants. Crystallographic disorder present in the

amorphous rubrene results in the distribution of hyperfine
coupling constants observed in our measurements.

For the Gaq3, the simulated ALCs were obtained by
applying a similar approach to TIPS-pentacene—assuming all
peaks present are due to �1 transitions. Although we started
with the 10 K data set first [Fig. 2(d)], we took into account
that at 300 K there are three individual ALCs (see Sec. III B).

TABLE I. Simulated parameters for the 10 K TIPS-pentacene.
The value for the eSR at 10 K represents our sensitivity limit. All
values are in MHz (except for the rel. amplitude). A, D, and E define
the anisotropic hyperfine tensor (Ref. 31), whose principal values
are (A + D, A − D/2 + E/2, A − D/2 − E/2). These parameters
correspond to two components centered on 0.28 and 0.31 T.

ALC 1 (MHz) ALC 2 (MHz)

A 75.0 ± 0.8 86.4 ± 0.9
D −9.0 ± 0.7 9.0 ± 0.7
E 5.0 ± 1.1 1.0 ± 0.2
eSR 0.02 0.02
Rel. amplitude 0.64 0.36
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TABLE II. Simulated parameters for the 10 K Gaq3. The value for
the eSR at 10 K represents our sensitivity limit. All values are in MHz
except for the relative amplitudes. A, D, and E define the anisotropic
hyperfine tensor (Ref. 31), whose principal values are (A + D, A −
D/2 + E/2, A − D/2 − E/2). These parameters correspond to three
components centered on 1, 1.1, and 1.35 T.

ALC 1 (MHz) ALC 2 (MHz) ALC 3 (MHz)

A 265 ± 1 295 ± 1 365 ± 1
D −30.0 ± 21 37 ± 4 20 ± 5
E 0 ± 21 37 ± 2 15 ± 6
eSR 0.02 0.02 0.02
Rel. amplitude 0.15 0.65 0.20

The isotropic HFC constants (see Table II) are close to values
reported for other aromatic systems elsewhere.32–34

B. Electron spin relaxation rate

Figure 3(a) shows the ALC measured for TIPS-pentacene
at 10 and 300 K. The one common and most prevalent feature
in these spectra is the clear and unambiguous increase of the
ALC size at high temperature. From the time-differential data
at 0.27 T, shown in Fig. 3(b), it is clear that this increased ALC
depth is related to a higher relaxation rate of the muon spins.
The time-dependent data have been fitted to an exponential
function. The characteristic relaxation rate λ is plotted as
a function of the magnetic field in Fig. 3(c). It begins to
increase away from the expected power-law behavior [shown
by the lines in Fig. 3(c)], with a pronounced peak centered
on the location of the ALC. The observed data discount
any nonrelaxing phenomena, such as changes in muonium
formation probability or background.

One possible explanation for the data shown in Fig. 3 could
be a time-dependent modulation of the spin density sampled
by the muon, as a result of periodic structural changes, such
as phonons or intramolecular vibrations. However, as is clear
from the temperature-independent width and position of the
ALC, the isotropic and anisotropic HFCs are not particularly
temperature dependent. One would expect a much larger
temperature dependence of the HFCs, if this modulation was
responsible. Any rotational molecular dynamics, such as those
observed in C60, can be discounted since our sample was
solid without a rotational degree of freedom and there is no
change in shape and/or position of the ALC, as would be
expected.32 Finally, although surrounding nuclear spins can
have an effect on the shape of the ALC, they cannot account
for the dramatic increase in relaxation rate, because of their
small coupling strength to the muon spin. In the Appendix,
it is demonstrated that the impact of a proton spin on the �1

resonance is negligible compared to the measured effect.
The only relaxation phenomenon that can reasonably

describe the data shown in Fig. 3 is an increase in the radical
eSR, such that it is within the muon’s experimental time
window. For intermediate eSRs (0.01 < eSR < ∼1 MHz),
neither the position nor the absolute width of the ALC
are significantly affected. The main effect of this additional
electron spin relaxation is a change in ALC intensity, as a
result of an increased time-dependent relaxation,25,28 which is
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FIG. 3. (Color online) Muon data for TIPS-pentacene for T =
300 K (red circles) and T = 10 K (blue triangles). (a) The muon spin
polarization around the avoided level crossings (ALC). Modeling
for these ALCs is indicated by the black lines (see text). (b) The
time-dependent muon polarization at 0.27 T. Data are plotted using
a linear scale and the black lines correspond to fits to an exponential
function, from which the relaxation rate shown in (c) is extracted.
(c) The fitted field-dependent exponential muon spin relaxation rate
λ showing that there is a peak in the muon spin relaxation rate around
the position of the ALCs. The lines represent the expected power-law
dependence for the off-resonant relaxation rate.

exactly as observed in the data shown in Fig. 3(a). Using a spin
density matrix formalism23,31 to model our spectra [solid lines
in Fig. 3(a)], we extracted an eSR of 0.76 ± 0.03 MHz at 300
K, assuming an eSR of 0.02 ± 0.01 MHz at 10 K (the lower
limit of our sensitivity with reasonable statistics). The whole
set of simulation parameters is listed in Table III.

Figure 4 shows the eSR for TIPS-pentacene plotted on a
logarithmic scale against inverse temperature. On this Arrhe-
nius plot, the eSR reduces linearly with two characteristic
energy scales of 19 ± 2 meV and 3.2 ± 0.2 meV, which
are a similar energy to the molecular vibrations common in
organic materials, suggesting that there is a coupling of eSR
to the population of these vibrations via a direct spin-vibration
coupling active at the molecular level.

As discussed earlier, many of the theoretical models applied
to explain eSR are transport based and as such, an Arrhenius
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TABLE III. Simulated parameters for TIPS-pentacene at 300 K.
All values except the relative amplitudes are in MHz. These
parameters correspond to two components centered on 0.27 and 0.3 T.

ALC 1 (MHz) ALC 2 (MHz)

A 73.3 ± 1.0 82.6 ± 1.2
D −6.3 ± 0.5 5.5 ± 0.5
E 4.0 ± 0.3 4.0 ± 0.3
eSR 0.76 ± 0.03 0.76 ± 0.03
Rel. amplitude 0.64 0.36

behavior to eSR is not necessarily surprising. One would
therefore expect the spin relaxation rate to be significantly
determined by the mobility. In our case, where we measure
an electron localized to a single molecule, one needs to
discount a relaxation phenomenon resulting from any other
free charges, present due to track electrons resulting from
the muon’s thermalization or doping from impurities. We
show below that this is not the case and there is indeed
a localized relaxation mechanism responsible for eSR. We
compare the results from amorphous rubrene—a tetracene
derivative [see Fig. 1(b)]—with those from TIPS-pentacene.
From Figs. 5(a)–5(c) it is immediately clear that there is a broad
and intense ALC resonance at a low magnetic field, which is
associated with a time differential relaxation. Furthermore,
both the ALC amplitude and muon spin relaxation rate show
a large magnitude change with temperature. In common with
the TIPS-pentacene, the temperature dependence of eSR in
rubrene shown in Fig. 6 also has an Arrhenius nature, with
two characteristic energy scales of 0.52 ± 0.04 meV and
1.15 ± 0.02 meV. Unfortunately it is not possible to model the
rubrene data exactly as we have in TIPS-pentacene, since the
local disorder results in an unquantifiable distribution of muon-
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1.8 K and T = 280 K, plotted using a linear scale. (c) The fitted field-
dependent exponential relaxation rate λ. The lines show the expected
power-law dependency of the off-resonant background relaxation at
high fields.

electron HFCs as discussed in Sec. III A. The temperature-
dependent eSR shown in Fig. 6 is therefore in arbitrary units,
but the trend is clearly the same as in TIPS-pentacene.

The similarity between the TIPS-pentacene and rubrene
data is quite surprising. As discussed earlier, the crystal
structures of the materials are quite different, resulting in a high
charge-carrier mobility along two axes for TIPS-pentacene
and no axes for amorphous rubrene. Given the similarities
in results on these materials, it is clear that electron spin
relaxation is not simply a transport phenomenon as is often
assumed for organic materials.3,6–10,35 In addition to any
transport-based spin relaxation that may be present, there is
an intramolecular process giving spin relaxation. Interestingly,
Arrhenius eSR is also observed in tetrathiafulvalene (TTF),36

opening up the possibility that this local relaxation mechanism
is more generally applicable across the range of molecular
semiconductors. To assess the possibility of generality further,
we performed high-field ALC measurements on Gaq3, which
has a triligand molecular structure and does not contain
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an acene backbone [see Fig. 1(c)]. In Fig. 7(a) we plot
time-integrated muon spin polarization data for 300 and 3 K,
where a series of ALC resonances is found between 0.8 and
1.5 T, around which an elevated muon spin relaxation rate is
observed. Most importantly, the muon spin relaxation rate in
the region of the ALC and its amplitude are significantly larger
at 300 K compared to 3 K, with little or no change to position
or shape. This is very similar to all the previously presented
data. Modeling in a similar manner to the other molecules,
we find that the eSR rises from 0.02 ± 0.01 MHz at 3 K to
0.85 ± 0.02MHz at 300 K. The obtained parameters are listed
in Table IV.

C. Discussion

Whilst we do not have sufficient data to show an Arrhenius
temperature dependence for Gaq3, nonetheless the similarity
suggests that it is the same mechanism responsible for the eSR
in all of the molecules presented here, in addition to TTF.36
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(b) are very similar to the acene molecules, suggesting a common
mechanism.

TABLE IV. Simulated parameters for the 300 K Gaq3. All
values except the relative amplitudes are in MHz. These parameters
correspond to three components centered on 0.78, 1.04, and 1.36 T.

ALC 1 (MHz) ALC 2 (MHz) ALC 3 (MHz)

A 215 ± 1 282 ± 1 375 ± 1
D −15 ± 10 30 ± 3 17 ± 5
E −15 ± 6 30 ± 2 17 ± 6
eSR 0.85 ± 0.02 0.85 ± 0.02 0.85 ± 0.02
Rel. amplitude 0.15 0.65 0.20

We therefore suggest that the coupling of eSR to molecular
vibrations could be amechanism general to all small molecular
systems.

Interestingly, at the fields presented here (up to 1.5 T)
the nuclear spins are effectively decoupled from the electron
and muon spins.21 Models based on the HF interaction, such
as the one proposed by Bobbert and co-workers11 or an
equivalent localized mechanism, cannot therefore account for
the relaxation effects measured here. Another possible spin
relaxation mechanism would be the spin-orbit interaction,
which is consistent with the small effect of deuteration
on the intrinsic organic magnetoresistance.37 Previously, an
Elliot-Yafet-like spin-orbit mechanism has been suggested as a
possible driver of spin relaxation,5,6 where the eSR is inversely
proportional to the charge-carrier mobility. However, this
and many other spin-orbit based mechanisms is incompatible
with the experimental data presented here, which show that
the mechanism must be a localized one. Another possible
relaxation mechanism is spin flips induced by the exchange
interaction with passing conduction electrons or holes. These
charge carriers need not have any other spin relaxation
mechanisms of their own and could easily have a long spin
relaxation time while giving a radical-electron relaxation,
since there may be more free carriers than bound radicals at
300 K, even in a nominally pure and undoped semiconductor
as measured here. However, we have already experimentally
shown that such a mechanism is unlikely, since a strong
temperature-dependent eSR is present in the two-dimensional
brickwork arrangement of TIPS-pentacene, which results in
very high charge-carrier mobility, 1D helical packing of Gaq3,
which has a lower charge-carrier mobility and amorphous
rubene, which has very poor charge-carrier mobility.

There are many future experiments that can be carried out
to resolve many of these issues. Careful muon studies of the
effect of disorder or dopants on eSRmay revealwhich transport
related electron spin relaxation mechanism is relevant. The
effect of an electric field, which would act to modify and
increase the overall mobility of any free charge carriers,18 may
also reveal the role of impurity/dopant induced free carriers on
eSR. Comparisons of deuterated and undeuterated materials,
as well as performing measurements as a function of mass of
one of the constituent atoms (e.g., replacing Ga with Al, In, Tl
in Gaq3), would help distinguish between the spin-orbit and
hyperfine interactions.

It is not entirely clear why two energy regimes to the
temperature-dependent eSR are observed, but they may cor-
respond to two groups of vibrations that could not be further
resolved. If the interaction is enhanced by the breaking of a
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symmetry, as required for a mechanism involving spin-orbit
coupling, then only selected modes may have a relevant
symmetry breaking. A possible mechanism could be related
to a geometric phase, analogous to the Berry phase,38,39 where
there would be very fewmodes that involve molecular motions
that sweep out a finite solid angle in one period. This selection
rule can explainwhy there are very fewmodes contributing, but
not why there are exactly two. Alternatively, the mechanism
could be related to Bose-Einstein statistics coupled with the
need to include vibration emission and absorption processes.40

Relaxation processes induced by higher-order spin-vibration
couplings, involving simultaneous absorption and emission of
vibrational quanta, could also be at the origin of the observed
second energy scale.

IV. CONCLUSION

The eSR was determined with the avoided level cross-
ing (ALC) resonance technique for polycrystalline TIPS-
pentacene, amorphous rubrene, and polycrystalline Gaq3. The
ALC resonance technique is based on 100% spin-polarized
muons, which allows for the spin sensitive measurement of
the electron spin relaxation at a molecular level. From the
different morphology of the samples as well as the local nature
of the used probes, we conclude that the observed electron spin
relaxation is an intramolecular process. The relevance of an
intramolecular spin relaxation has so far been neglected as
it is generally believed that the spin relaxation is governed
by the intermolecular motion of the charge carriers. The data
presented here therefore indicate that future theoretical models
for spin transport in organic materials should also take into
account relaxation when the charge carriers are residing on
molecules, which could be very significant considering the
weak charge-carrier mobilities in these materials.

The obtained eSR at 300 K of 0.85 ± 0.02 MHz for Gaq3
and 0.76 ± 0.03 MHz for TIPS-pentacene are in good agree-
ment with many previously reported values3,7,8 for similar
materials, but call into question others.6 The temperature
dependence of the eSR exhibits an Arrhenius-like behavior
suggesting a coupling of vibrations to the eSR. Furthermore,
the structural difference between the acenes (TIPS-pentacene
and rubrene) and the quinolate (Gaq3) leads to the conclusion
that the observed intramolecularArrhenius-like spin relaxation
may be present in a wide range of organic semiconductors.
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APPENDIX

1. High transverse field measurements

The strength of the hyperfine coupling between the muon
spin and the electron spin in organic materials can be
determined very accurately by performing experiments in a
high transverse magnetic field.21,41 In a transverse magnetic
field, the spin of the free diamagnetic muon precesses at the
Larmor frequency. In a high transverse magnetic field (the so-
called Paschen-Back limit), for every muonium state, the
muon spin precesses at two frequencies, f1 and f2. They are
determined41 by the isotropic hyperfine interaction A and the
applied magnetic field B,

f1 = A

2
+ (γe − γμ)B

2
− A

2

√
1+

(
2B(γe + γμ)

A

)2

, (A1)

f2 = A

2
− (γe − γμ)B

2
+ A

2

√
1+

(
2B(γe + γμ)

A

)2

. (A2)

The sum of the two frequencies f1 and f2 equals the isotropic
hyperfine coupling constant A. Figure 8(a) shows the Fourier
transform of the forward-backward asymmetry measured for
TIPS-pentacene at an applied magnetic field of 0.45 T and
at a temperature of 10 K. The external field appears as the
strongly pronounced peak at about 60 MHz. Symmetrically
distanced from this central diamagnetic signal are two groups
of satellite peaks at about 20 and 100MHz. From these data, it
is clear that the isotropic HFC is about 80MHz, corresponding
to the isotropic hyperfine coupling constants that correspond
to the ALC position (see Tables I and III). However, it is also
clear that the satellites are rather broad, suggesting several
components, but it is not clear howmany peak pairs are present.
To resolve the lines, we also performed a maximum entropy
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FIG. 8. Transverse field measurements on TIPS-Pentacene, taken
at 450mTand 10K. In this Fourier spectrum, one can see the truncated
peak (external magnetic field) and satellite peaks on either side of the
applied field, with the HFCs being consistent to those extracted from
the ALC data. The top panel (a) corresponds to a conventional Fourier
transform, whereas the bottom panel (b) corresponds to a maximum
entropy analysis of the same data.
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analysis. Each satellite peak is clearly split into two discrete
lines, as shown in Fig. 8(b), with each pair correspondingly
symmetrical about the applied field. The corresponding HFCs
are 87.5 and 74.5 MHz, which are extremely similar to the
values obtained in the ALCs (see Tables I and III). This
is a strong indication that there are indeed two different
muonium sites on the molecules with very similar HFCs
and that the analysis using two independent �1 transitions is
correct.

2. Muonium states

In order to better understand themuoniated radical state and
to identifymuonium adduct positions, we have performedDFT
calculations at the UB3LYP/6-31G level for pentacene and
TIPS-pentacene. The obtained isotropic hyperfine coupling
constants for the proton and the muon are summarized in
Table V. The corresponding assignments are shown in Fig. 9.
Unfortunately, the DFT calculations for TIPS-pentacene pro-
vide a roughly 40% higher isotropic HFC than is present
in the data, related to the crystallographic packing in our
crystalline materials. This makes an unambiguous assignment
based on these calculations relatively difficult. However, the
two lowest calculated HFCs are very close to one another,
similar to the experimental data, suggesting that these two
sites could be the ones to follow up experimentally. The
potential sites correspond to position 3 on the central pen-
tacene backbone and to position 6 on the side-group triple
bond.

We have performed detailed measurements of pentacene
[shown in Fig. 10(b)] on a sample that had similar dimensions
andmass to the TIPS-pentacenemeasurements, where position
6 is not present but positon 3 is. We observe an ALC at similar
fields to ALC 2 in Fig. 2(b). Interestingly, it is clear that
the relative amplitude of the pentacene ALC is significantly
smaller than the combination of ALC 1 and 2 observed in
TIPS-pentacene [also plotted in Fig. 10(b)]. This suggests
that ALC 2 is indeed situated at position 3. Furthermore, the
hypothesis of the addition to the triple bond on the side group
is supported by a similar HFC in TCNQ,36 where the muon
addition site has been assigned to theN at the end of the triple
bond in the cyano group.33
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FIG. 9. Position assignment of TIPS-pentacene and pentacene.

FIG. 10. (a): Calculated ALCs with and without the proton, using
Aμ = 109 MHz, Dμ = 10 MHz, ημ = −5 MHz and Ap = 29 MHz,
Dp = 1 MHz, ηp = 0.3 MHz. Isotropic HFCs for the muon and
protonwere taken from theDFT calculations, whereas the anisotropic
HFCs were estimated from the data shown in (b). (b): Comparison of
ALC spectra of pentacene and TIPS.

There is therefore good experimental evidence, which is in
part backed up by DFT calculations, that suggests that the two
muonium sites in TIPS-pentacene are position 3 on the
central pentacene backbone and another to position 6 on the
side-group triple bond, with positions 3 and 6 corresponding to
an isotropic HFC of 86 and 75MHz, respectively. Other ALCs
have been detected in TIPS-pentacene at higher magnetic
fields, which account for the other possible muonium sites
(data not shown). Finally on this subject, we note that
in-depth analysis and discussion of the pentacene data and
TIPS-pentacene HFCs along with our DFT calculations will
be presented elsewhere.42,43

Finally, we must be satisfied that the �0 ALC resonances
are negligibly small. In order to achieve this, we have modeled
the spectra using the QUANTUM software31 with and without
the proton using the parameters in Table V. It is clear from

TABLE V. The muon-electron and muon-proton hyperfine cou-
pling obtained with DFT calculations for several muon sites of
pentacene and TIPS/TMS-pentacene. The site number corresponds
to the assignment shown in Fig. 9. The HFC could not be determined
for ATIPS site 2 because the calculation did not converge (“n.c.”). In
some cases it is impossible for the muon to bond to a site (indicated
by a dash).

Pentacene Pentacene TIPS TIPS
Site Aμ (MHz) Ap (MHz) Aμ(MHz) Ap(MHz)

1 279.49 64.21 253.43 63.70
2 255.47 70.24 n.c. n.c.
3 121.60 30.56 114.40 28.75
4 98.07 24.65 − −
5 − − 662.32 −
6 − − 109.13 −
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Fig. 10(a) that the difference between the two spectra is
marginal, offering support to the conclusion that we have two
individual�1 transitions resulting from two addition sites. The
conclusion that �0 ALC resonances are small in solids is also
supported experimentally, where ALC spectra were observed

in benzene in ZSM5 silicate as a function of temperature.44 At
the lowest temperatures, where the benzene molecules were
essentially static, the �0 is very small. As the temperature is
increased, and rotational dynamics become important, the �0

transition gains significantly in amplitude.
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