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1. Experimental 

Rubrene single crystal was grown by physical vapor transport in a stream Ar gas1~3. The crystal of which size
is roughly 1 (a-axis) × 9 (b-axis) mm × 8 m (thickness) was placed on a quartz plate without any adhesives. The
thickness of the sample was measured using stylus surface profiler (Dektak 3ST). Transient conductivity and 
photoabsorption/emission spectroscopies were measured by TRMC (time-resolved microwave conductivity) and
TOS (transient optical spectroscopy) systems4~6. A resonant cavity was used to obtain a high degree of sensitivity
in the measurement of conductivity. The resonant frequency and the microwave power were set at ~9.1 GHz and 3
mW, respectively, so that the electric field of the microwave was sufficiently small not to disturb the motion of 
charge carriers. The value of conductivity is converted to the product of the quantum yield :  and the sum of
charge carrier mobilities : , by the following equation4~9.

r

r

Light P

P

FIAe 0

1 (1),

where e, A, I0, FLight, Pr, and Pr are the unit charge of a single electron, a sensitivity factor [(S/m)-1], incident
photon density of excitation laser (photons/m2), a correction (or filling) factor (/m), a change of reflected
microwave power, and a power of reflected microwave, respectively. The details of the in-situ TRMC – TOS
system was reported previously5, 6. Third harmonic generation (THG, 355 nm) of a Nd:YAG laser (5-8 ns pulse
duration) was used as an excitation source. The photon density of the laser was varied from 0.59 to 17.8 × 1015

photon/cm2/pulse. A white light continuum from a Xe lamp was used as a probe light source for TOS. The probe
light and emission were guided into a high-dynamic-range streak camera (Hamamatsu C7700) which collects
two-dimensional image of the spectrum profiles of light intensity. Rubrene used for solution studies were
purchased form Aldrich and used as received. All the experiments were performed at room temperature in an air.

2. Steady-state optical properties of crystal and solution

To facilitate the comparison of steady-state optical properties of crystals and solutions, we indicate in figure S1 
the normalized steady-state photoabsorption and emission spectra in single-crystal rubrene and tetrahydrofuran
solution. Discussion is seen in the text.
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Figure S1. Steady-state photoabsorption (solid lines) and emission (dotted
lines) spectra of single-crystal rubrene and tetrahydrofuran solution.
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3. Nanosecond electron-beam pulse radiolysis

Pulse radiolysis has been an useful tool to investigate optical properties and reactivities of short-lived
chemical intermediates such as radical cation, radical anion, radical, excited state, charge-transfer complex, and so
on. In order to measure photoabsorption spectra of charged states of rubrene and their extinction coefficients, we
performed a nanosecond electron-beam pulse radiolysis10~12. Since rubrene is inferred to possess relatively low
ionization potential and high electron affinity from the literature value of tetracene (6.97 and +1.09 eV,
respectively) 13, we adopted a strategy that positive / negative charges are transferred to a rubrene from a mediator
of which extinction coefficients and photoabsorption peaks of the charged states are known. In the case of radical
cation, we selected biphenyl as a mediator to assess the extinction coefficient of radical cation. For radical anion,
pyrene was used for the same reason. The spectrum overlap between the charged mediator and rubrene and the
strong photoabsorption of rubrene lying in ca. 400 to 550 nm were also considered for the choice of a mediator
and a scavenger.

A 27 MeV electron beam with ca. 8 ns duration from the linac at ISIR, Osaka University was used as an
irradiation source10. A probe light source was a Xe flash lamp (a continuous spectrum from ca. 300 to 1600 nm).
The transient photoabsorption spectra were measured by a Hamamastu PMA-11 optical multi-channel analyzer.
For the measurements of kinetics, the white light was separated into a spectrum component by a monochromator
(Ristu MC-10N) and detected by a Si PIN photodiode (Hamamatsu S1722). The signals were collected by a Sony
Tektronics. Solutions were loaded into a quartz cell and bubbled by Ar gas for at least five min. All experiments
were carried out at room temperature.

Extinction coefficient of rubrene radical anion

To produce efficiently rubrene radical anions, we used tetrahydrofuran (THF) as a solvent which has been
generally used in radiation chemistry. Infinity-grade THF without stabilizer and pyrene in the highest grade
available were purchased from Wako Corporation and used as received. 20 mmol dm-3 pyrene (Py) solutions with
or without 0.29 mmol dm-3 rubrene (Ru) were prepared and sealed in 0.5 cm quartz cell after dissolved oxygen
was removed by purging with Ar gas for at least 10 min.

The primary radiation-chemical reactions involved in THF solution of pyrene containing rubrene are
summarized below14~17.

THF  THF·+ + esol
- (2)

THF·+ + THF  THF(-H)· + THF(+H+) (3) 
esol

- + Py  Py·-   (4) 
Py·- + X products   (5) 
Py·- + Ru  Py + Ru·-   (6) 

Via the ionization of solvent by incident electron beam, THF radical cations (THF·+) and solvated electrons (esol
-)

are produced. In the above primary-reaction scheme, we included the pre-solvated electrons into esol
- because they

are not experimentally resolved by nanosecond pulse radiolysis16,17. Immediately after THF·+ formation, it is
decomposed via deprotonation and thus, positive charges does not transfer to solute [scheme (3)]. The esol

- which
shows broad photoabsorption in infrared region17,18 is scavenged by the main solute: Py, yielding pyrene radical
anion (Py·-) and giving sharp photoabsorption peak at 495 nm with extinction coefficient of 9.2 × 104 mol-1 dm3

cm-1.19 The reactions (2) ~ (4) occur within the response function. Simultaneous with Py·- decay by encounter of X
(e.g. protons) as expressed by scheme (5), the excess electron of Py·- is transferred to Ru during the diffusion,
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giving rise to Ru radical anion [Ru·-, scheme (6)]. 
Figure S2 shows transient photoabsorption spectra in THF solution of Py with/without rubrene, in which a

strong peak at 495 attributed to Py·- is seen at the pulse end (0 ns) and decays quickly at 100 ns delay. 
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Figure S2. Transient photoabsorption specra of tetrahydrofuran solution of 20 mmol dm-3 pyrene 
without (a) and with (b) 0.29 mmol dm-3 rubrene bubbled by Ar gas in 0.5 cm quartz cells measured by
pulse radiolysis.
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Figure S3. Kinetic traces measured by pulse radiolysis at (a) 495 nm and (b) 820 nm in tetrahydrofuran
solution of 20 mmol dm-3 pyrene without and with 0.29 mmol dm-3 rubrene bubbled by Ar gas in 0.5 cm
quartz cells. The black solid lines are reproduced by calculations.

In order to discuss the effect of rubrene on the reactions, time-resolved kinetics at 495 and 820 nm are indicated in
figure S3, where the former and the latter are mainly attributed to Py·- and Ru·-, respectively. Prior to this kinetic
experiments, the photoabsorption spectrum of Ru·- was surveyed by higher concentration of Ru in THF (shown
later) and was identical to the previous report19. Since the decay at 495 nm without rubrene obeyed neither
first-order nor second-order reaction, we utilized a stretched-exponential function20,21 to reproduce the decay of
Py·-. The resulting analytical expressions for Py·- and Ru·- at 495 and 820 nm are given by
(495 nm)

5
55495@ exp tkAPy nm

(7)

tRuk
nmwithRu etkAPy 65

55495@ exp  (8) 

(820 nm)
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5
55820@ exp tkBPy nm (9)

tRuk
nmwithRu etkBPy 65

55820@ exp  (10) 

dtetkARukRu tRuk

Py

Ru
nm

65
556820@ exp  (11)

, where the symbols represent A5: a scaling factor, k5: a rate constant of reaction (5), 5: a power factor of
stretched-exponential function of reaction (5), k6: first-order rate constant of reaction (6), [Ru]: concentration of
rubrene, B5: a scaling factor, Ru: extinction coefficient of Ru·- at 820 nm, and Py: extinction coefficient of Py·- at
495 nm. The kinetics at 495 nm without and with rubrene were fitted by equations (7) and (8), respectively. The 
obtained parameters: k5 = 9.5 × 106 /s, 5 = 0.6, and k6= 2.4 × 1010 mol-1 dm3 s-1 were also used in equations (9),
(10), and (11). The kinetic trace at 820 nm in the presence of rubrene was analyzed by the sum of equations (10) 
and (11), since the kinetics are composed of Py·- and Ru·-. The ratio of extinction coefficients: Ru/ Py was 
estimated to be 0.23, and thus, 2.1 × 104 mol-1 dm3 cm-1 was obtained for Ru. The typical experimental error was 
ca. 10 %.

Extinction coefficient of rubrene radical cation

In the case of radical cation, we used dichloromethane (CH2Cl2) and biphenyl (Bp) as a solvent and a 
mediator, respectively. Biphenyl radical cation has characteristic strong photoabsorption in near ultraviolet and
visible15,17,19 and does not suffer dimerization. Infinity-pure grade dichloromethane was purchased from Wako
Corporation and used as received. Zone-refined biphenyl was purchased form Tokyo Kasei Corporation and used
as received. The 20 mmol dm-3 Bp solutions with/without 0.75 mmol dm-3 rubrene (Ru) were prepared and sealed
in 1 cm quartz cell after bubbled by Ar gas at least 10 min.

The primary radiation-chemical reactions involved in the dichrolomethane solution of biphenyl containing
rubrene are summarized below.

CH2Cl2  CH2Cl2·+ + e- (12) 
e- + CH2Cl2  CH2Cl· + Cl- (13) 
CH2Cl2·+ + Bp  CH2Cl2 + Bp·+ (14) 
Bp·+ + X  products (15)
Bp·+ + Ru Bp + Ru·+ (16)
On the first state of radiation-chemical events, radical cation of dichloromethane (CH2Cl2·+) and electrons (e-)

are generated by ionization of solvents [scheme (12)]. The electron is immediately captured by dichloromethane
molecule, giving rise to CH2Cl· and Cl- via dissociative electron attachment [scheme (13)]. The positive charge of
solvent radical cation is transferred to Bp during diffusion process, forming biphenyl radical cation [Bp·+, scheme
(14)]. The reaction schemes (12) to (14) are completed within the time resolution of the nanosecond pulse
radiolysis.

Figure S4 shows transient photoabsorption spectra of the solutions at the pulse end (0 ns) and 400 ns delay.
We can see a distinct peak at 690 nm which is attributed to Bp·+ and reported to have an extinction coefficient of
1.05 × 104 mol-1 dm3 cm-1.22~24 Larger photoabsorption maximum is observed at ca. 365 nm, which is also ascribed
to Bp·+. As the time proceeds, some portions of Bp·+ disappear by the reaction with X [e.g. Cl-, scheme (15)]. In 
the presence of 0.75 mmol dm-3 rubrene, positive charge transfer from Bp·+ to Ru occurs as expressed by scheme
(16), leading to the formation of rubrene radical cation (Ru·+). We can recognize distinguishable spectrum change
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at 400 ns delay in figure S4 (b), where a broad absorption is expanding to infrared region (the peak is located at ca.
915 nm) and sharp absorption maximum lies in near ultraviolet region. These absorptions are due to Ru·+

confirmed by higher concentration of Ru in dichloromethane (shown later) and in good correspondence with the
previous report19.
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without (a) and with (b) 0.75 mmol dm-3 rubrene bubbled by Ar gas in 1 cm quartz cells measured by
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Figure S5 presents the kinetic traces in dichloromethane solutions of 20 mmol dm-3 biphenyl with/without
0.75 mmol dm-3 rubrene monitored at 690 and 915 nm. Analogous to the analysis scheme used for Py·-, the decay
at 690 nm (Bp·+) in the absence of rubrene was reproduced by a stretched-exponential function.

15
1515690@ exp tkABp nm

(17)

The best fit was obtained using the scaling factor A15 = 0.12, the rate constant k15 = 3.0 × 106 /s, and the power
factor of stretched-exponential function 15 = 0.6. Based on the same parameter values except for A15, the small
absorption of Bp·+ at 915 nm was reproduced by

15
1515915@ exp tkBBp nm

(18)

, where B15 is the scaling factor at 915 nm and was set to be 0.013.
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In the presence of rubrene, slow formation of Ru·+ was observed at 915 nm as expressed by scheme (16). The
kinetic traces of Bp·+ and Ru·+ at 915 nm are given as below.

tRuk
nmwithRu etkBBp 1615

1515915@ exp (19)

dtetkARukRu tRuk

Bp

Ru
nm

1615
151516915@ exp (20)

In equations (19) and (20), the symbols represent k16: first-order rate constant of reaction (16), [Ru]: concentration
of rubrene, Ru: extinction coefficient of Ru·+ at 915 nm, and Bp: extinction coefficient of Bp·+ at 690 nm. The
kinetic trace in dichloromethane solution containing both biphenyl and rubrene at 915 nm was analyzed by the
sum of equations (19) and (20). The charge transfer within the time resolution was also taken into consideration by
complementary change of the initial yield although it is a small contribution (ca. 3.5 % decrease of Bp·+). The 
fitting analysis resulted in k16 = 4.0 × 109 mol-1 dm3 s-1 and the ratio of extinction coefficients: Ru/ Bp = 4.4, and
thus, 4.6 × 104 mol-1 dm3 cm-1 was estimated for Ru at 915 nm. The typical experimental error was ca. 10 %. 
Using the same procedure, we attempted to reproduce the kinetics at 690 nm in the presence of Ru; however, good
agreement was not obtained as shown in figure S5 (a). This might be caused by e.g. non-equivalent time evolution
of rubrene radical cation at 915 and 690 nm, and spectrum overlap of other side products.

Spectra of rubrene radical cation/anion 

To grab the whole picture of rubrene radical cation/anion spectra, we carried out nanosecond pulse radiolysis
of high-concentration rubrene (1 to 5 mmol dm-3) without any mediators and scavengers in dichloromethane or
THF. The solutions were loaded in quartz cell with 0.5 or 2 cm optical path and bubbled by Ar gas for at least 10
min. The spectra were normalized by the extinction coefficients estimated by the charge transfer methodology
abovementioned and are shown in figure S6. Each spectrum feature is almost identical to the previous report
studied by -radiolysis in low-temperature matrices19. The spectrum range from ca. 450 to 600 nm was unable to
be accessed due to the low intensity of transmitted analyzing light.
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4. Triplet in single-crystal rubrene

Figure S7 shows transient photoabsorption spectra and kinetics of single-crystal rubrene induced by 355 nm
pulse laser. The sample thickness is much smaller than that used for TRMC experiments, so that transient
spectroscopy from 400 to 600 nm is possible even though the strong steady-state photoabsorption exists. The
centers of the valleys in figure S7 (a) are almost coincident with the peaks of steady-state photoabsorption (figure
S1), suggesting the spectra are the results of the overlaps of photoabsorption and photobleaching. As can be seen
in figure S7 (b), the photoabsorption has two decay components: the one is fast, exhibiting almost same decay rate
with holes and electrons observed in near infrared (figure 2) and the other is slow, surviving until > 40 s. The fast
decays are understood as holes and electrons of rubrene, which have larger photoabsorption in near ultraviolet than
those in near infrared (figure S6). The photoabsorption peaks of the charged species in crystals look shifted to
longer wavelength compared with those in solutions. The slow decay component is presumed to be rubrene triplet
from the view points of the long lifetime (18 ± 5 s if the decay is fitted by single exponential function) and
analogy to the report on the triplet in benzene-like solution (centered at 495 nm with extinction coefficient = 2.6 × 
104 mol-1 dm3 cm-1) 13. The peak of triplet photoabsorption in crystals also seems to be shifted towards longer
wavelength with respect to solutions. These spectrum shifts are thought to be caused by spin-lattice interaction in
crystals.

Ru·+

Ru·-

Ru·+ + Ru·-

382 nm 436 nm

820 nm

415 nm

371 nm
915 nm

Figure S6. Extinction coefficients of rubrene radical cation (Ru·+, red circles) and anion
(Ru·-, blue triangles) obtained by pulse radiolysis of THF and dichloromethane solutions of
rubrene, respectively. The closed and open symbols were measured using a multi-channel
analyzer and a Si photodiode, respectively. The green squares and green solid line is the sum
of Ru·+ and Ru·- with equivalent ratio.
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5. Transient photoabsorption at 895 nm 

Figure S8 (a) demonstrates transient photoabsorption kinetics in single-crystal rubrene monitored at 895 nm.
The TRMC mobility estimated from the quantum efficiency  obtained at 895 nm and TRMC results [figure 2 (d)]
is shown in figure S8 (b), giving the almost same value as that based on the transient photoabsorption kinetics at
835 nm.

6. Time-dependent density functional theory (TD-DFT) 

Figure S9 shows highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of singlet rubrene molecule calculated by B3LYP density functional theory (DFT) with 6-31G(d) basis
set. The dipole moment obtained was 0.0000 Debye. By time-dependent (TD-) DFT, the oscillator strength of the
HOMO  LUMO transition and corresponding transition energy were found to be 0.1599 and 2.19 eV (567 nm),
respectively.
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Figure S8. (a) Transient photoabsorption kinetics at 895 nm of single-crystal rubrene induced by 355
nm laser pulse. The inset shows the dependence of quantum efficiency of charge carrier generation at
the pulse end: on incident photon density: I0. The arrow indicates the increase of photon density. (b) 
TRMC mobility of charge carriers:  obtained from the insets of (a) and figure 2(d).
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Figure S9. TD-DFT calculation of singlet with B3LYP 6-31G(d) basis set.
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Figure S10. TD-DFT calculation of triplet with B3LYP 6-31G(d) basis set.

Figure S10 demonstrates singly occupied molecular orbital (SOMO) and LUMO of triplet rubrene molecule
calculated by B3LYP density functional theory (DFT) with 6-31G(d) basis set. The dipole moment obtained was
0.0003 Debye, supporting the triplet state does not contribute to microwave conductivity signals. By
time-dependent (TD-) DFT, the oscillator strength of the SOMO  LUMO transition and corresponding transition
energy were found to be 0.2156 and 2.50 eV (496 nm), respectively. This transition energy is in good agreement
with the experimental value13.

There is no significant dipole change between singlet and triplet states. Therefore rubrene triplet generated
accompanying with charged species upon exposure to laser is assumed not to contribute to TRMC signals as well
as photoabsorption spectra in the near-infrared region. If the dipole change is not negligible such as fluorenone25,26,
aniline27, Michler’s ketone28, and contact ion pair between amine cation and halogen anion29, we have to consider
the effect of the dipole change on the TRMC signals.

7. Second-order, bimolecular rate constant

Bimolecular reactions such as bulk charge recombination obey second-order reaction expressed by equations
(21) and (22) if contributions from other by-reactions are negligible.

hole+ + e- neutralized   (21)

100
01

1
21

21

tfk
tf

f

ftk
tf  (22) 

The f(t) and k12 denote the concentration of charge (proportional to O.D.) at delay time t and a second-order rate
constant, respectively. Here we treat the concentrations of hole and electron as equal, because they are produced
equally via exciton dissociation upon exposure to laser pulse. The inverse of O.D. at 835 nm shown in figure S11
(a) demonstrates a good linearity, supporting the charge recombination is dominant for the fast decay at less than
ca. 1 s. By the fit of equation (22) to the inverse of O.D., the observed second-order rate constants [k12f(0)]
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were obtained and are plotted as a function of photon density in figure S11 (b). Dividing k21f(0) by the initial
charge carrier density f(0) estimated from quantum efficiency of charge carrier generation:  [inset of figure 2(a)],
the k21 was found to be (2.0 ± 0.3) × 1010 mol-1 dm3 s-1 by averaging over the values of all photon densities [figure
S11(b)]. As described in the text, it is notable that such a clear acceleration of decay with a photon density was
not generally observed for pentacene thin films deposited on a quartz substrate by thermal vapor deposition and
for amorphous conjugated polymer films. Single-crystal nature is anticipated to account for the clear dependence
on photon density, while many grain boundaries and chemical/physical defects in usual organic semiconductors
would hide this dependence.

11

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1N
or

m
al

iz
ed

 1
 / 

O
.D

. [
ar

b.
 u

ni
t]

Time [ s]

(a)

0

4

8

12

0 5 10 15 20
Photon density (I0) [1015 /cm2]

O
bs

er
ve

d 
2n

d -
or

de
r

ra
te

 c
on

st
an

t[
/

s] (b)

I0 [1015 /cm2]

2n
d
-o

rd
er

 r
at

e
co

n
st

an
t 

[1
01

0
/M

/s
]

0

1

2

3

0 5 10 15 20

2.0 1010

mol-1 dm3 s-1

Figure S11. (a) Inverse of normalized  optical density at 835 nm. The arrow indicates the
increase of photon density from 0.59 to 17.8 × 1015 photon/cm2/pulse. (b) Observed second-order
rate constant (/ s) for each photon density obtained by fitting a linear function to 1/ O.D.(t).
The inset is second-order, bimolecular rate constant calculated by dividing the observed rate
constant by each concentration of pair of charge carrier. Figure S11(b) is identical to figure 2(c)
in the text.



8. Control experiment of anisotropy

In order to confirm that the anisotropic conductivity of the single-crystal rubrene is not artificial, which is
caused just by the change of the sample position, we performed a control experiment using an isotropic conducting
polymer. The same size of regioregular poly(3-hexylthiophene) film with that of rubrene single crystal used was
prepared by transferring polythiophene film to a masked adhesive tape. Anisotropy of this polythiophene film was
examined by the same procedure as illustrated in Fig. 3 (a) in the text. The result is shown in Fig. S12, indicating
no distinguishable artificial anisotropy within the experimental error.
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Figure S12. Dependence of normalized change of conductivity ( ) on the rotation angle (see
Fig. 3(a) in the text).

From this result, it was confirmed that no compensation is necessary for the anisotropic conductivity of the
rubrene single crystal shown in Fig. 3 (b). It should be noted that S/N ratio of this control experiment
(polythiophene) is worse than that of rubrene single crystal. According to the reference30, about a factor of 2 was
observed for the control experiment of the microwave conductivity (Ka band, 27-38 GHz) using an isotropic
n-doped silicon trapezoid. Our control experiment, however, did not give such significant dependence on rotation
angle. This is due to the following three reasons. (1) The slope of the electric field distribution at the sample
setting point in our resonant cavity is smaller than the ideal cosine function5, because our resonant cavity has five
pipes for sample loading, laser irradiation, and introduction of probe light for transient optical spectroscopy, and
thus, the strength and distribution of the electric field in our resonant cavity are reduced to same extent and
stretched outward, respectively. (2) Since the laser cross-section in the present experiments was 4 mm in diameter,
the laser-irradiated area is within this mild-slope region of the electric field distribution. On the other hand, the
reference30 used a pulsed electron beam which was exposed to the whole area of the specimen. (3) The microwave
frequency in the present study was ca. 9GHz, while that of the reference30 was 27-38 GHz, and thus, our
microwave cavity is approximately three times larger than that of the reference30. The cross-section between the
single-crystal rubrene and laser spot was small compared to the cross-section of the cavity, while this cross-section
ratio in the reference30 was large. Therefore, the anisotropy was over-estimated and corrected as described in the
reference30.
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