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Abstract: The results of an investigation of the thermoluminescence (TL) and electroluminescence (EL)
of arylated methylenecyclopropanes 1, systems whose photoinduced electron-transfer (PET) chemistry
has been thoroughly studied, are described. In both the TL and EL experiments with 1, electronically excited
triplet trimethylenemethane (TMM) biradicals 32•• are generated by back electron transfer (charge
recombination) of a TMM radical cation (hole) 2•+, formed by isomerization of the substrate radical cation
(hole, 1•+). The application of this chemistry to the design of new organic light-emitting diodes (OLEDs) is
described. The mechanistic features of this reaction system have the potential of overcoming significant
problems (e.g., quantum efficiency, difficulty obtaining long wavelength emission, and device durability)
normally associated with OLEDs that rely on the use of organic closed-shell hydrocarbons.

Introduction

Organic light-emitting diodes (OLEDs) are artificial lumi-
nescent devices that utilize both charge injection (CI), i.e.,
electron transfer (ET), and charge recombination (CR), i.e., back
electron transfer (BET),1 in a manner that is mechanistically
linked to processes involved in bio-, chemi-,2 and electrochemi-
luminescence.3 In recent decades, important developments have
been made in the basic science and applications of OLEDs.4-6

Although some of the significant problems of organic closed-
shell hydrocarbon based OLEDs (e.g., low quantum efficiencies,
difficulties in obtaining long wavelength emission, and device
durability) have been partially solved recently by using Ir
complexes, much work remains to be done to develop novel
reaction systems that can be applied in this technology.7

A combination of ET and BET is involved in photoinduced
electron-transfer (PET) reactions of organic substrates. Recently,
Roth and we showed that PET reaction can be employed to
generate triplet biradicals.8-10 This is exemplified in the PET
promoted degenerate rearrangement of arylated methylenecy-
clopropanes1 (Scheme 1).10 In this process, ET from1 to an
electronically excited sensitizer produces a TMM type radical
cation 2•+ via ring opening of1•+. BET from the sensitizer
radical anion (sens•-) to 2•+ then leads to formation of a triplet
TMM type biradical,32••. The triplet multiplicity of the ground
state of2•• is supported by a linear Curie plot.10a

Thermoluminescence (TL) is the term given to light emission
triggered by thermal activation.11 Usually, TL occurs when an
electronically excited singlet state of a substrate is formed by
BET between a radical cation and a radical anion, formed by
simultaneous oxidation and reduction of a substrate promoted
by using a number of different generation methods (e.g.,
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γ-irradiation). As in PET reaction pathways of1, TL and EL
of OLEDs involve ET (or CI) and BET (or CR) as key
mechanistic steps. A major difference between the PET and TL
systems is that the energy-deficient nature of BET to2•+ in
PET reactions causes production of the ground state biradical
32••, whereas energy-sufficient BET or CR to2•+ in TL and EL
of OLEDs should stimulate formation of the excited-state
biradical,32••*. Consequently, we expected that32••* might be
generated in TL and the EL of OLED systems which employ1
as the substrate, and if so, this open-shell species would serve
as an emitter oftriplet-triplet fluorescence(Scheme 2). Here,
we report (i) a TL mechanism for the diphenyl derivative (1a),
(ii) the potential characteristics of an OLED using1, and (iii)
a success in fabricating a novel type of OLED that includes a
degenerate methylenecyclopropane rearrangement system using
the 2-(2-naphthyl)-2-phenyl derivative (1b).

Results and Discussion

Thermoluminescence of 1.A degassed methylcyclohexane
(MCH) glassy matrix containing1a (R1 ) R2 ) Ph, 5 mM)

was subjected toγ-irradiation by using a60Co source at 77 K.
MCH is a solvent12 that has been employed typically in
γ-irradiation studies to generate simultaneously radical cations
and radical anions. The matrix formed in this process likely
contains two types of radical cations (1a•+ and 2a•+)13 and
radical anions (1a•- and 2a•-) (see Chart 1).14 In fact, the
maxima atλab ) 440 and 500 nm observed at 77 K [Figure 1
(red)] suggest that2a•+ (lit 13 λab ) 432 nm,n-butyl chloride)
and 2a•- (lit 14 λab ) 496 nm, 2-methyltetrahydrofuran) are
formed in this system.

On warming of the MCH matrix, formed by theγ-irradiation
of 1a, from 77 toca. 130 K, an intense bright green TL (λtl )
501 and 533 nm) is observed [Figure 2 (center)]. Growth of
the new absorption bands (Figure 1) and emission bands [Figure
2 (center)] occurs simultaneously with the decrease in the
absorption bands associated with2a•+ and 2a•- (Figure 1).
Similarly, blue [λtl ) 462 and 484 nm, Figure 2 (left)] and red
[λtl ) 603 and 656 nm, Figure 2 (right)] TL are observed when
respective MCH matrices of1c (R1 ) Ph, R2 ) CH3) and1b
(R1 ) Ph, R2 ) 2-naphthyl) areγ-irradiated. The corresponding
efficiencies of TL for1a, 1b, and1c relative to that of the parent
anthracene wereca.1.3, 0.2, and 0.2. Interestingly, TL was not
observed whenγ-irradiatedn-butyl chloride and MTHF matrices
of these substances were warmed. This is probably due to a
lack of the radical anions (1a•+ and2a•+) and radical cations

(12) Brocklehurst, B.; Russell, R. D.Trans. Faraday. Soc.1969, 65, 2159-
2167.

(13) Ikeda, H.; Namai, H.; Kato, N.; Ikeda, T.Tetrahedron Lett.2006, 47, 1857-
1860.
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Scheme 1. PET Degenerate Rearrangement of
Methylenecyclopropane 1 Involving ET and BET Processesa

a a, R1 ) R2 ) Ph; b, R1 ) Ph, R2 ) 2-naphthyl;c, R1 ) Ph, R2 )
CH3.

Scheme 2. A Plausible Mechanism for the TL or EL of 1 Involving
ET or CI and BET or CR Processes

Chart 1. A List of Key Compounds and Intermediates

Figure 1. Changes in the UV/vis absorption of aγ-irradiated glassy MCH
matrix of 1a on warming from 77 to ca. 130 K. Arrows indicate major
changes in absorptivity.

Figure 2. Changes in the TL ofγ-irradiated glassy MCH matrices
of 1a (center), 1b (right), and 1c (left) observed on warming from
77 to ca. 130 K. Arrows indicate an increase in the intensities of the emission
bands.
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(1a•- and 2a•-) in the n-butyl chloride and MTHF matrices,
respectively (see the mechanism shown below).

The TL and absorption bands, observed byγ-irradiation of
1a, closely resemble the photoluminescence bands (λpl ) 491
and 519 nm,λex ) 328 nm in MCH matrices) and absorption
bands (λab ) 298, 316, and 328 nm in MCH matrices) of the
structurally related diphenyl-substituted five-membered cyclic
TMM biradical 35•• (Chart 1),15,16 generated independently by
the photodeazetization of diazene6 in an MCH matrix. These
findings show that the TL bands at 501 and 533 nm and the
absorption bands at 296-330 nm are associated with the excited
triplet state of TMM biradical32a••* and its ground state32a••,
respectively. To our knowledge, this is the first observation of
TL from an electronically excited biradical species.

A plausible mechanism that accounts for TL from1aconsists
of five steps (Scheme 2) and involves (i)γ-irradiation induced
ET to give1a•+ and1a•-,13,14 (ii) ring opening of1a•+ or 1a•-

to give 2a•+ or 2a•-,13,14 (iii) BET to give 32a••*, (iv) light
emission from32a••*, and (v) regeneration of1a from 32a••.10

An energy diagram for this sequence, constructed by using the
TL energy (λtl ) 501 nm,Etl ) 2.47 eV), redox potentials of
1a and related compounds, and the estimated energy of the
biradical, ∆E(32a••) ) 0.69 eV, is given in Figure 3.17 The
energy of the1a•+/1a•- pair is estimated to be+4.32 eV relative
to the total energy of two molecules of1a. The four possible
pathways (a-d in Figure 3) for production of32a••* include
stepwise routes via2•+ or 2•- (a and b) and bond-dissociative
BET routes18 (c and d). The most likely precursor of32a••* is
the pair 2a•+ and 1a•- since ring opening of1a•+ is more
exergonic than that of1a•-.13,14 The resulting triplet biradical
32a••* then decays to32a•• with light emission. Therefore, TL
in the 1a system corresponds totriplet-triplet fluorescence19

from 32a••*. Finally, 32a•• formed in this manner quantitatively
reverts to1a. Note that reaction of2a•+ and 2a•- to produce

two molecules of32a•• (path e) does not participate in TL
because the energy gap (1.57 eV) in the radical ion pair2a•+/
2a•- and biradical pair32a••/32a•• is smaller thanEtl ) 2.47 eV
and the hypothetical BET between2a•+/2a•- giving the pair
32a••*/ 32a•• is energetically unfavorable. Because TL associated
with decay of 32a••* resembles PL of the 1,1-diphenylethyl
radical (3•, Chart 1), the emission from32a••* occurs from the
diphenylmethyl radical fluorophore mainly.16,19,20The remaining
allyl subunit is not involved in fluorescence, but it plays an
important role in the bond forming process leading back to1a.

Characteristics of Potential OLEDs Based on 1.A strategy
for the design of novel OLEDs, which use highly reactive open-
shell molecules like32•• as light-emitting species, seems at first
to be impractical owing to the need for high durability of these
devices. However, OLEDs of this type have several potentially
advantageous characteristics, including ease of production of
long wavelength EL with readily prepared small molecules,
increase in the internal EL quantum efficiency (ηint), and
efficient regeneration of the starting material (Figure 4).

The ability to produce long wavelength EL by using systems
in which 32•• is the light-emitting species arises from the
HOMO-SOMO or SOMO-LUMO energy gaps found in open-
shell molecules. These energy gaps are generally much smaller
than the HOMO-LUMO gaps present in structurally related
closed-shell molecules. For example,3• has absorption maxima
(λpl) at 522 and 551 nm (λex ) 336 nm) in MCH,16 while
structurally related 1,1-diphenylethylene (4) has aλpl at 304
nm. In fact, this expectation was confirmed by the observation
of green TL from32a••*.

The expectation that systems based on32•• would have large
internal EL quantum efficiencies (ηint) is related to spin
multiplicity rules. In general, fluorescence from1S of closed-
shell systems can have a maximumηint of 25% because1S* is
formed by the CR of a hole S•+ in statistically predicted 25%
yield and fluorescence takes place by a singlet-singlet transition
(Figure 4). The triplet excited state (3S*) is generated simulta-
neously in 75% yield and undergoes nonradiative decays mainly
along with inefficient, spin-forbidden, energy wasting deactiva-
tion. In contrast, the triplet excited states (3I••*) of open-shell
molecules (intermediates), like32••, that are generated in 75%
yield can undergotriplet-triplet transitionsto produce simul-

(15) Turro, N. J.; Mirbach, M. J.; Harrit, N.; Berson, J. A.; Platz, M. S.J. Am.
Chem. Soc.1978, 100, 7653-7658.

(16) Ikeda, H.; Namai, H.; Taki, H.; Miyashi, T.J. Org. Chem.2005, 70, 3806-
3813.

(17) The value of∆E(32a••) ) 0.69 eV was estimated on the assumption that
no significant substituent effects occur on∆E(32a••) between32a•• and the
corresponding bis(4-methoxyphenyl) derivative. See ref 10a.

(18) Karki, S. B.; Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould, I. R.;
Zona, T. A.J. Am. Chem. Soc.1997, 119, 431-432.

(19) Turro, Berson, Platzet al. reported that the emission observed for35•• is
fluorescencebased on its lifetime. See ref 15.

(20) (a) Bromberg, A.; Meisel, D.J. Phys. Chem.1985, 89, 2507-2513. (b)
Bromberg, A.; Schmidt, K. H.; Meisel, D.J. Am. Chem. Soc.1985, 107,
83-91.

Figure 3. Energy diagram of TL for1a. Relative energies (eV) are based
on the total energy of two molecules of1a.

Figure 4. A conceptual diagram showing that largerηint values are expected
for EL from an open-shell molecule with a ground state triplet as compared
to a closed-shell molecule.
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taneously triplet ground states (3I••) and efficientfluorescence
emission. As a result, OLEDs based on this chemistry/
photophysics can have theoretically maximumηint values of
75%.

A new way of overcoming the low durability of OLED
devices, typically caused by undesirable chemical reactions of
substrate holes (radical cations), might be found in the use of
open-shell molecules whose chemistry leads to efficient regen-
eration of the starting substrate. For example, in the system
described above, light emission from the key intermediate32••

is associated with its quantitative conversion to the original
substrate (Figure 4).10

An OLED Based on 1b. To provide a proof-of-concept
example, we have developed a unique long wavelength emitting
OLED system based on a methylenecyclopropane substrate1.
A bilayer OLED was fabricated by using indium tin oxide (ITO)
as the anode, poly(3,4-ethylenedioxy-2,4-thiophene)-polysty-
rene sulfonate (PEDOT-PSS) as the hole-injection/transport
material, poly(N-vinyl)carbazole (PVK) and 2-(4-biphenylyl)-
5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD) as host materials,
and Ca-Al as the cathode{[ITO/PEDOT-PSS/PVK-PBD (67:
13)/Ca-Al] } [Figure 5 (left)]. Application of a voltage of 15
V to this OLED produces an EL band with a maximum (λel) at
458 nm corresponding to emission from PVK* [Figure 5 (right,
a)]. The PVK-PBD layer was then doped with 2-(2-naphthyl)-
2-phenyl-1-methylenecyclopropane1b (20 wt %). The EL
spectra of the resulting OLED [ITO/PEDOT-PSS/PVK-1b-
PBD (67:20:13)/Ca-Al] are strongly dependent on the applied
voltage. At 10 V, weak EL occurs with aλel at ca. 490 nm
[Figure 5 (right, b)].21-25 When the applied voltage is increased
to 20 V, EL with aλel at 617 and 650 nm appears together with
the emission band at ca. 493 nm [Figure 5 (right, d)]. We suggest
that the 617 and 650 nm emission bands correspond to those
observed at 603 (2.06 eV) and 656 nm in the TL of1b [Figure
2 (right)] and therefore that32••* which is formed serves as the
light-emitting species in the OLED process.

A plausible emission mechanism for the OLED containing
1b resembles, in part, that for the TL shown in Scheme 2. As

depicted in the energy correlation in Figure 6, a hole from the
ITO anode is injected into1b via PEDOT-PSS and PVK. The
resulting new hole1b•+ undergoes bond breaking to give another
hole 2b•+. Simultaneously, an electron is transported from the
Ca-Al cathode to PVK via PBD and finally injected into the
2b•+. The resulting32b••* emits light at 617 and 650 nm in a
process leading back to1b.

In its current form, the new OLED system based on1b is
limited by the need for high voltages and its low luminescence
intensity (30.0 cd m-1) and current efficiency (0.158 cd
A-1).26,27 In spite of these shortcomings, the strategy for the
design of OLEDs, based on chemical reactions of and light
emission from short-lived open-shell molecules, may yet prove
viable in the construction of highly efficient devices.28

Conclusion

The results of this investigation, probing the TL and EL of
methylenecyclopropanes1, have elucidated possible chemical
mechanisms involving the light emission from the open-shell,
triplet TMM biradical 32••*. In addition, we have observed TL
in this system that involves the three primary colors, blue, green,
and red, suggesting that it might be possible to tune the emission
color. Finally, this effort has provided a proof-of-concept
example of a unique, long wavelength emitting OLED system
based on a methylenecyclopropane substrate. The findings
suggest that the design strategy for fabrication of OLEDs based
on small, reactive open-shell molecules as emitters is viable.
In this regard it is interesting to note that an OLED based on
5,12-diphenylnaphthacene (C30H20), a large complex molecule,
generates a green emission29 similar to the one using1a
(C16H14). In addition, the mechanistic features of this reaction
system have the potential of overcoming other significant
problems (e.g., quantum efficiency and device durability)
normally associated with OLEDs that rely on the use of organic
closed-shell hydrocarbons. Especially, device durability is the
most significant problem. Therefore, the use of a reactive species

(21) This EL band may be assigned to an exciplex of PVK and1b. Further
studies on this band are now in progress and will be published elsewhere.

(22) The energy of the HOMO of2b•• (ca. 4.7 eV) was estimated analyzing the
calibration of ionization potentials (IPs) determined from the DFT calcula-
tion and the oxidation potentials (Eox) reported by Wayner for structurally
related organic radicals. See refs 23-25 and the Supporting Information.

(23) Wayner, D. D. M.; McPhee, D. J.; Griller, D.J. Am. Chem. Soc.1988,
110, 132-137.

(24) Sim, B. A.; Milne, P. H.; Griller, D.; Wayner, D. D. M.J. Am. Chem. Soc.
1990, 112, 6635-6638.

(25) Workentin, M. S.; Wayner, D. D. M.Res. Chem. Intermed.1993, 19, 777-
785.

(26) This may be due to possible undesired reactions of TMM radical cations
2•+ or biradical2•• toward molecular oxygen or some reactant. For reactions
of TMM biradicals, see ref 27.

(27) (a) Little, R. D.Chem. ReV. 1996, 96, 93-114. (b) Allan, A. K.; Carroll,
G. L.; Little, R. D. Eur. J. Org. Chem.1998, 1-12.

(28) Although an OLED with the dimethoxy derivative of1a showed a similar
performance, their luminescence intensity and current efficiency were
slightly lower than those of1b. A similar attempt using1a gave unfruitful
results. Nothing was attempted for1c. Further studies are now in progress
and will be published elsewhere.

(29) Cosimbescu, L.; Hatwar, T. K. U.S. Pat. Appl. Publ. (2005), 25 pp.

Figure 5. (left) Structure of the bilayer OLED with or without dopant1b.
(right) EL spectra of the OLED with [(b) 10 V, (c) 15 V, (d) 20 V] or
without [(a) 15 V] 1b.

Figure 6. Schematic energy-level diagram for the [ITO/PEDOT-PSS/
PVK-1b-PBD/Ca-Al] OLED. See ref 22.
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like 32••* is an absurd and paradoxical approach from the aspect
of the durability of the device. While it is not clear at the present
time whether the new concept can be put to practical use, the
paradoxical approach falls into a new category of luminescence
that is driven by BET or CR.

Experimental Section

General Method. See the Supporting Information for details.
Syntheses.2-(2-Naphthyl)-2-phenyl-1-methylenecyclopropane (1b)

and 2-methyl-2-phenyl-1-methylenecyclopropane (1c) were prepared
from 2-(R-styryl)naphthalene andR-methylstyrene, respectively, by
using the procedures previously reported for the synthesis of 2,2-
diphenyl-1-methylenecyclopropane (1a).10

1b: Colorless solids (n-hexane); mp 32-34 °C. Anal. Calcd for
C20H16: C ) 93.71%, H) 6.29%. Found: C) 93.43%, H) 6.37%;
IR (KBr, cm-1) 3055, 3022, 1599, 1493, 1447, 1020, 893, 820, 741,
698; 1H NMR (200 MHz, CDCl3, δppm) 1.99 (s, 2 H), 5.65 (s, 1 H),
5.86 (s, 1 H), 7.21-7.80 (m, 12 H);13C NMR (50 MHz, CDCl3, δppm)
21.31, 33.04, 104.43, 125.65, 126.10, 126.39 (2 C), 126.74, 127.62,
127.79, 128.08 (3 C), 128.34 (2 C), 132.20, 133.39, 139.27, 141.08,
143.67; LRMS (70 eV,m/z, %) 256 (M+, 100), 241 (43), 215 (19),
178 (18), 165 (18), 128 (19).

1c: Colorless oil; IR (neat, cm-1) 2968, 1603, 1495, 1447, 1030,
887, 770, 698, 534;1H NMR (200 MHz, CDCl3, δppm) 1.38 (s, 2 H),
1.53 (s, 3 H), 5.47 (s, 1 H), 5.59 (s, 1 H), 7.16-7.30 (m, 5 H);13C
NMR (50 MHz, CDCl3, δppm) 20.39, 23.48, 23.73, 102.92, 125.86,
126.42 (2 C), 128.27 (2 C), 141.79, 145.13; HRMS (EI) Calcd for
C11H12, 144.0934; found, 144.0935; LRMS (70 eV,m/z, %) 144 (M+,
14), 143 (20), 130 (11), 129 (100), 128 (49), 127 (14), 115 (12).

Measuring the UV/vis Absorption Spectra ofγ-Irradiated Glassy
Matrices. A solution of MCH, n-butyl chloride, or 2-methyltetrahy-
drofuran (1 mL) containing the substrate (5 mM) in a flat vessel
[synthetic quartz, 2× 10 × 40 mm3 (thickness× width × height)]
was degassed by five freeze (77 K)-pump (10-2 Torr)-thaw (ambient
temperature) cycles and then sealed at 10-2 Torr. A glassy matrix was
obtained by steeping the vessel in liquid nitrogen. This vessel was
irradiated withγ-rays from a 4.0 TBq60Co source in liquid N2 at 77 K
for 40 h. The changes in the absorption spectra between before and
after irradiation were observed at 77 K with an absorption spectro-
photometer.

Measuring the TL Spectrum. A TL spectrum of the sample matrix
on annealing from 77 to ca. 130 K was collected in the dark using a
photonic multichannel spectral analyzer linked to a personal computer.

Fabrication of OLEDs. Patterned ITO coated glass was cleaned
by using the usual method and then treated in an UV/O3 chamber.
PEDOT-PSS was spin-coated on the ITO plate to give a hole-
transporting layer thickness of ca. 40 nm. After calcination, PVK-
PBD with or without1b was spin-coated to give an emitting layer
thickness of ca. 100 nm. The Ca (20 nm)-Al (150 nm) cathode was
thermally deposited onto the emitting layer under vacuum (<10-3 Pa)
and sealed under N2.

Measuring the EL Spectrum. An EL spectrum of OLED was
collected with a spectroradiometer linked to a DC voltage current source
monitor and a personal computer.
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