
Emission from Charge Recombination between Radical Cations and

Radical Anions of 9-Cyano-10-(p-substituted phenyl)anthracene

Generated during Pulse Radiolysis

Shingo Samori,a Sachiko Tojo,a Mamoru Fujitsuka,a Jui-Hsien Lin ( ),b

Tong-Ing Ho ( ),b Jye-Shane Yangb ( ) and Tetsuro Majimaa*
aThe Institute of Scientific and Industrial Research (SANKEN), Osaka University, Mihogaoka 8-1,

Ibaraki, Osaka 567-0047, Japan
bDepartment of Chemistry, National Taiwan University, Taipei 10617, Taiwan, R.O.C.

Emission from charge recombination between radical cations and anions of 9-cyano-10-(p-substi-

tuted phenyl)anthracenes (RA, where R is 10-p-substituted phenyl: R = Phenyl (PA), anisyl (OA),

p-N,N-dimethylaminophenyl (NA), N,N-di-p-anisylaminophenyl (DA)), as donor-acceptor type mole-

cules, generated during the pulse radiolysis in benzene was measured together with the transient absorp-

tion of RA radical cations (RA�+) and anions (RA��). Based on the transient absorption and density func-

tional theory (DFT-B3LYP/6-31G*) calculation, a twisted geometry is assumed for all RA in the ground

state, RA�+, and RA��. It is suggested that the positive charge of PA�+, OA�+, and NA�+ is delocalized on

two moieties, and that of DA�+ is localized on the donor N,N-di-p-anisylaminophenyl moiety, while the

negative charge of all RA�� is mainly on the acceptor 9-(10-cyano)anthracenyl moiety. When both RA�+

and RA�� are generated with sufficiently high concentrations during the pulse radiolysis in benzene, the

charge recombination between RA�+ and RA�� occurred to give RA in the singlet excited state (1RA*) as

the emissive species, but not the excimers because of the twisted geometries of RA�+ and RA�� with the

large torsional angles between the 9-(10-cyano)anthracenyl and p-substituted phenyl moieties. Not only

the fluorescence quantum yield of 1RA* but also the energy differences between the annihilation enthalpy

change and the excitation energy of 1RA* are important factors for the radiolysis induced emission inten-

sity of RA in benzene.

Keywords: Radical cation; Radical anion; Charge recombination; Pulse radiolysis; DFT calcu-

lation.

INTRODUCTION

Recently, organic �-conjugated donor-acceptor type

molecules have attracted considerable attention as electro-

luminescent materials for OLEDs.1 Electrogenerated chemi-

luminescence (ECL) from donor-acceptor type molecules

can originate from the locally excited states of the donor or

acceptor moiety, the intramolecular charge transfer (ICT)

states,2,3,4a-c or even from intermolecular excimers or

exciplexes.2,3,4d-e Most of luminescent donor-acceptor type

molecules are emissive in their dilute solutions, while they

are weakly emissive in concentrated solutions or in thin

films, because they aggregate to form less emissive species

such as excimers, leading to considerable decreasing of the

luminescence efficiency. It is obvious that molecular struc-

ture-property relationships for donor-acceptor type mole-

cules provide us valuable information for the design of do-

nor-acceptor type molecules with an efficient lumines-

cence character.

Structure-property relationships for biphenyl type

compounds have been subjected to study for years.
5,6 The

balance between �-electron conjugation (which favors the

planar structure) and repulsion between ortho hydrogen at-

oms (which favors the twisted conformer) causes biphenyl

to have a nonplanar and twisted structure. When an elec-

tron is removed from or added to biphenyl type compounds,
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�-electron conjugation induces a change in the torsional

angle between the two phenyl rings.6 Planar or nearly pla-

nar structures have also been suggested for non-substituted

biphenyl radical cations and anions in solution. The struc-

tural changes of substituted biphenyls such as chlorobi-

phenyls induced by one-electron oxidation and reduction

have also been investigated by time-resolved resonance

Raman spectroscopy and density functional theory (DFT)

calculations.7 The structures (torsional angle and bond

length) of polyhalogenated biphenyl radical cations and an-

ions are affected by the substitution position mainly due to

the steric interactions.

9-Phenylanthracene has a torsional angle between

9-anthracenyl and phenyl moieties, and it is modified to

several derivatives with donor-acceptor character by intro-

ducing donor and acceptor substituents on 9-anthracenyl

and phenyl groups.3 In this paper, we report spectral prop-

erties of 9-cyano-10-(p-substituted phenyl)anthracenes

where the phenyl group has an electron donating substi-

tuent on p-position (RA, where R is 10-p-substituted phen-

yl: R = Phenyl (PA), anisyl (OA), p-N,N-dimethylamino-

phenyl (NA), N,N-di-p-anisylaminophenyl (DA)), and rad-

ical cations and anions of RA (RA�+ and RA��, respec-

tively), with a particular focus on the emission behavior

originating from the charge recombination of RA�+ and

RA��. The selective formation of RA�+ and RA�� was per-

formed to clarify the properties during the pulse radiolysis

in 1,2-dichloroethane (DCE) and dimethylformamide

(DMF), respectively. The torsional angles (�) between the

9-(10-cyano)anthracenyl and p-substituted phenyl moi-

eties and the spin density distributions of RA�+ and RA��

were calculated from the DFT calculation.

In our previous papers, we proposed the emission

mechanisms of donor-acceptor type molecules with an

ethynyl linkage (DEA) such as phenylquinolinylethynes,8a

phenyl(9-acridinyl)ethynes,8b phenyl(9-cyanoanthra-

cenyl)ethynes,8b and arylethynylpyrenes8c during pulse

radiolysis in benzene (Bz). Based on the transient absorp-

tion and emission measurements and the steady-state spec-

tral measurements, the formation of DEA in the singlet ex-

cited state (1DEA*) and/or singlet excimer (1DEA2
*) results

from the charge recombination between the DEA radical

cation and anion (DEA�+ and DEA��, respectively) which

are generated initially from the radiolytic reaction in Bz.

The results of RA are compared with those of DEA at the

focus of the emission from the charge recombination.

EXPERIMENTAL SECTION

Measurements of Steady-state Spectral Properties

UV Spectra were recorded in Bz with a Shimadzu

UV-3100PC UV/visible spectrometer using a transparent

rectangular cell made from quartz (1.0 × 1.0 × 4.0 cm, path

length of 1.0 cm). Fluorescence spectra were measured by a

Hitachi 850 spectrofluorometer. The fluorescence quantum

yields (�fl) were determined by using 9,10-diphenylanthra-

cene9a (�fl = 0.90 in cyclohexane, �ex = 360 nm) and

coumarin 3349b (�fl = 0.69 in methanol, �ex = 400 nm) stan-

dards.

Pulse Radiolysis

Pulse radiolysis experiments were performed using

an electron pulse (28 MeV, 8 ns, 0.87 kGy per pulse) from a

linear accelerator at Osaka University. All the sample solu-

tions were prepared in a 1-10 mM concentration in Bz in a

rectangular quartz cell (0.5 × 1.0 × 4.0 cm, path length of

1.0 cm). These solutions were saturated with Ar gas by

bubbling with it for 10 min at room temperature before irra-

diation. The kinetic measurements were performed using a

nanosecond photoreaction analyzer system (Unisoku,

TSP-1000). The monitor light was obtained from a pulsed

450-W Xe arc lamp (Ushio, UXL-451-0), which was oper-

ated by a large current pulsed-power supply that was syn-

chronized with the electron pulse. The monitor light was

passed through an iris with a diameter of 0.2 cm and sent

into the sample solution at a perpendicular intersection to

the electron pulse. The monitor light passing through the

sample was focused on the entrance slit of a monochroma-

tor (Unisoku, MD200) and detected with a photomultiplier

tube (Hamamatsu Photonics, R2949). The transient ab-

sorption and emission spectra were measured using a pho-

todiode array (Hamamatsu Photonics, S3904-1024F) with

a gated image intensifier (Hamamatsu Photonics, C2925-

01) as a detector. To avoid pyrolysis of the sample solution

by monitor light, a suitable cutoff filter was used.

RESULTS AND DISCUSSION

Steady-state Spectral Properties of RA

Scheme I depicts the chemical structures of donor-

acceptor type molecules having 9-(10-cyano)anthracenyl

moiety (RA = PA, OA, NA, and DA). The electron-donat-
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ing character of the substituents increases in the order of

phenyl < p-anisyl < p-N,N-(dimethylamino)phenyl < and

N,N-di-p-anisylaminophenyl groups.3 Spectral properties

of RA in Bz (� = 2.28), cyclohexane (� = 2.02), CH2Cl2 (� =

9.08), and CH3CN (� = 37.5) are listed in Table 1. The

ground-state absorption peaks of RA in Bz are shown in

Table 1 to have little dependence on the solvent polarity. It

can be seen in Fig. 1(a) that, for NA and DA having stron-

ger donor substituents, the absorption spectrum shifts to the

longer wavelength side up to 500 nm and changes to have a

structureless feature. This red shift can be attributed to the

charge-transfer (CT) excited state. A little change of fluo-

rescence spectra depending on the solvent was observed for

PA and OA (Fig. 1(b)). On the other hand, the fluorescence

spectra of NA and DA were dramatically affected by the

solvent polarity (Fig. 1(b)). Fluorescence spectra of NA

and DA in several solvents have been reported to show two

fluorescence maxima around 440 nm (so-called B band)

and 480-600 nm (A band),
3 which can be well understood

by assuming two electronic excited states, a very polar and

less polar excited states, A and B, respectively.10 This ob-

servation of dual fluorescence may be attributable to the

existence of twisted intramolecular CT (TICT) excited

states. However, the fluorescence spectra of NA in CH2Cl2,

and NA and DA in CH3CN showed a very weak B band but

no A band. The �fl values of NA in CH2Cl2, and NA and DA

in CH3CN were estimated to be 0.062, 0.045, and 0.026, re-

spectively. Compared to �fl values of NA and DA in cyclo-

hexane (0.12 and 0.33, respectively), these values were

very small. For NA and DA in polar solvents, the excited

state A is assumed to be a very low-lying excited state. It

may be explained that the fluorescence quantum yields of

NA and DA in polar solvents were significantly reduced

due to the increase of the internal conversion rate. The

spectroscopic properties of 4-(9-anthryl)-N,N-dimethyl-

aniline (ADMA) has been reported by comparison with

1-methyl-5-(9-anthryl)indole with the amino nitrogen im-

mobilized in the planar structure.
11 It is suggested that the

twist around the anthryl-phenyl C-C bond is important for

the spectroscopic properties depending on the polarity of
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Scheme I Chemical structures of 9-cyano-10-(p-substituted phenyl)anthracenes with a substituent on the phenyl

moiety (RA) used in this study

Table 1. Steady-state spectral properties of RA in Bz, cyclohexane, CH2Cl2, and CH3CNa

Abs

max�

/nm

Fl

max�

/nm

Stokes
shift
/nm

�fl

Fl

max�

/nm

Stokes
shift
/nm

�fl

Fl

max�

/nm

Stokes
shift
/nm

�fl

Fl

max�

/nm

Stokes
shift
/nm

�fl

RA

in Bz in cyclohexane in CH2Cl2 in CH3CN

PA 389 (370, 412) 453 (433) 64 0.37 444 (424) 57 0.45 458 (438) 68 0.38 456 66 0.30

OA 392 (370, 413) 465 (449) 73 0.11 428 (455) 40 0.19 464 71 0.091 467 76 0.043

NA 414 (370, 394) 524 (440) 110 0.23 466 (430) 57 0.12 588 (448) 179 0.24 443 34 0.045

DA 411 (370, 393) 558 (440) 147 0.35 493 88 0.33 457 45 0.062 455 46 0.026

a
Fluorescence quantum yield (�fl) values for RA in Bz, cyclohexane, CH2Cl2, and CH3CN were redetermined in this study because of mistakes

in the previous �fl measurement (ref. 3). The values in parenthesis are the maxima of vibrational peaks.



solvents, but not the rotation of the amino group. This is

consistent with the properties of NA and DA.

Geometries of RA, RA
�+

, and RA
��

The observation of the electronic properties can be

better understood by analyzing the results obtained from

density functional calculations using Becke’s three param-

eter set with Lee-Yang-Parr modification (B3LYP) with the

6-31G* basis set of theory.12 It is of interest to us to investi-

gate the nature of the charged molecules by the DFT calcu-

lations in an attempt to gain maximum insight into their

electronic structure. Fig. 2 shows the spin density maps of

9-cyanoanthracene radical cation (9CA�+), 9-cyanoanthra-

cene radical anion (9CA��), RA�+, and RA��. It is indicated

that the positive charge of RA�+ except for DA�+ is de-

localized on two aromatic moieties, while the negative

charge of RA�� is mainly on 9-(10-cyano)anthracenyl moi-

ety. In the case of DA�+, the positive charge is localized

mainly on the donor moiety, N,N-di-p-anisylaminophenyl

group. Twisted geometries are assumed for all RA�+ and

RA��, together with neutral RA, which have the torsional

angle (�) between 9-(10-cyano)anthracenyl and p-substi-

tuted phenyl moieties as summarized in Table 2. It is

clearly shown that all RA�+ and RA�� have a twisted geom-

etry although � value becomes smaller than neutral RA.

Compared to biphenyl, larger repulsion is assumed for

9-cyano-10-phenylanthracenes with a substituent due to

the presence of the bulky 9-(10-cyano)anthracenyl moiety.

Therefore, twisted geometries are adequately taken for

RA�+ and RA��.

Transient Absorption Spectra of RA
�+

It is well established that a radical cation of solute

molecule is generated during the pulse radiolysis in 1,2-

dichloroethane (DCE).13 Fig. 3 shows the transient absorp-

tion spectra observed during the pulse radiolysis of 9CA

and RA in Ar-saturated DCE. The absorption spectra ob-

served for 9CA and RA with a half lifetime of micro second

order can be assigned to 9CA�+ and RA�+, respectively.

Compared to 9CA�+, PA�+, and OA�+, NA�+ and DA�+

showed the weak absorption spectra because of low con-

centrations of the NA and DA solutions in DCE (approxi-

mately 1 mM). Since the absorption spectrum of 9CA�+

with two bands around 400-500 and 700-800 nm are differ-

ent from those of RA�+, the electronic property of the donor
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Fig. 1. Absorption (a) and fluorescence spectra (b) ob-

served by the steady-state measurement of RA

in Ar-saturated Bz (solid line), cyclohexane

(broken line), CH2Cl2 (dotted line) and CH3CN

(dashed-dotted line). All solutions were pre-

pared at a dilute concentration (10-5 M).

Fig. 2. Spin density maps of 9CA�+, 9CA��, RA�+, and

RA�� obtained by the DFT (B3LYP/6-31G*)

calculation.



moiety affects the transient absorption of RA�+, in which

the positive charge is not localized on 9-(10-cyano)anthra-

cenyl moiety.

Radical cations of biphenyl and 4,4�-dimethylbiphen-

yl have two absorption bands around 360-400 and 650-750

nm, while the 2,2�-dimethylbiphenyl radical cation has two

bands around 330-380 and 750-900 nm.14 It is assumed that

the nearly planar structure of biphenyl and 4,4�-dimethyl-

biphenyl radical cations induces charge delocalization,

while the twisted geometry of 2,2�-dimethylbiphenyl radi-

cal cation causes positive charge localization. Similarly,

the spectral shape of RA�+ could depend on the structure.

However, all RA�+ have twisted geometries with the large

� values between the 9-(10-cyano)anthracenyl and p-sub-

stituted phenyl moieties, because the large repulsion be-

tween ortho-hydrogen atoms of p-substituted phenyl and

hydrogen atoms at 1- and 8-postions of 9-(10-cyano)an-

thracenyl moieties of RA and RA�+ exists due to the bulky

9-(10-cyano)anthracenyl.6 Consequently, the absorption

spectral shape of RA�+ depending on the donor moiety at

the 10 position of 9-(10-cyano)anthracenyl moiety can be

explained by the electronic character of the donor moiety.

Since the spin density of DA�+ is localized on N,N-

di-p-anisylaminophenyl moiety based on the DFT calcula-

tion as shown in Fig. 2, the absorption spectrum of DA�+,

observed in the range of 450-650 nm, is expected to be sim-

ilar to that of the radical cation of N,N-di-p-anisylamino-

benzene. It has been reported that the triphenylamine radi-

cal cation has an absorption band around 500-700 nm,14

and that many radical cations of anisole and methoxy-

phenyl compounds have a broad and weak absorption band

around 400 nm. Therefore, the broad absorption spectrum

of DA�+ in the range of 450-650 nm corresponds to the

N,N-di-p-anisylaminobenzene radical cation.

In our previous papers, the electronic properties of

the radical cation and anion of donor-acceptor type mole-

cules with an ethynyl linkage (DEA) were reported based

on the transient absorption spectra of DEA�+ and DEA��.

The positive charge is assumed to be localized mainly on

the donor moiety of DEA�+,8 because of the twist around

the ethynyl bond of DEA�+ between the donor and acceptor

moieties. On the other hand, positive charge delocalization

can be assumed for RA�+, except for DA�+. In contrast to

radical cations of biphenyl and substituted biphenyls with

nearly planar structures,6 a twisted geometry is preferred

for all RA�+ because of the bulky 9-(10-cyano)anthracenyl

moiety based on the DFT calculation. The � values for

PA�+ (58.4	), OA�+ (52.5	), and DA�+ (50.9	) were found to

be slightly smaller than those for DA�+ (61.4º). The positive

charge can be delocalized in spite of the twisted geometry

of RA�+ with � = 50-60	 (PA�+, OA�+, and NA�+). On the

other hand, the positive charge is considerably localized on

the donor N,N-di-p-anisylaminophenyl moiety of DA�+

with a slightly larger � value (larger than 60	).

Transient Absorption Spectra of RA
��

It is also well established that a radical anion of solute

molecule is generated during the pulse radiolysis in di-

methylformamide (DMF).15 Fig. 4 shows that the transient

absorption spectra, observed during the pulse radiolysis of

9CA and RA in Ar-saturated DMF, are assigned to 9CA�-
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Table 2. Torsional angles (�) between the two phenyl rings of

neutral molecules, radical cations, and radical anions of

biphenyl and RA obtained by the DFT calculation

Molecule Neutral Radical cation Radical anion

Biphenyl 40.5 a, 40.1b 19.0a, 18.9b 6.3a, 0.0b

PA 90.0 58.4 61.5

OA 73.2 52.5 64.5

NA 69.7 50.9 64.2

DA 70.8 61.4 58.7

a Taken from ref. 6e (B3LYP/6-311G(d,p)). b Taken from ref. 6f

(B3LYP/6-311+G(2d,2p)).

Fig. 3. Time-resolved transient absorption spectra ob-

served at time t = 100 ns (solid line), 1 (broken

line), 10 (dotted line), and 100 µs (dashed-

dotted line) after an electron pulse during the

pulse radiolysis of 9CA (5 mM), PA (5 mM),

OA (5 mM), NA (1 mM), and DA (1 mM) in

Ar-saturated DCE.



and RA��, respectively, with the half lifetimes of micro sec-

ond order. Transient absorption of NA�� showed both rise

and decay, which are related to the formation and decay of

NA��, respectively. The formation profile corresponds to

the electron attachment to NA at a low concentration, be-

cause NA was prepared at approximately 1 mM concentra-

tion due to the poor solubility in DMF. It should be noted

that all RA�� have a broad absorption band around 500-700

nm. The spin density maps of RA��, as shown in Fig. 2, in-

dicate that the negative charge of RA�� is localized mainly

on 9-(10-cyano)anthracenyl moiety. It is also suggested

from the spectral shapes of RA�� that the negative charge is

localized mainly on the 9-(10-cyano)anthracenyl moiety,

because all RA�� and 9CA�� have similar absorption bands

in the region of 500-700 nm. It was found based on the DFT

calculation that � values for PA�� (61.5	), OA�� (64.5	),

and NA�� (64.2	) are slightly larger than those for DA��

(58.7	) (Table 2). The transient absorption spectrum of

DA�� showed the structureless absorption spectrum which

is slightly different from those of other RA��. Therefore, it

is suggested that the electronic property of the 9-(10-cya-

no)anthracenyl moiety, where the negative charge is con-

siderably localized, is influenced by the donor N,N-di-p-

anisylaminophenyl moiety. Such electronic interaction

causes the difference of the transient absorption spectrum

of DA�� from those of other RA��. The spectral features of

RA�� are similar to those of DEA�� with the negative charge

localized mainly on acceptor moiety and the twisted struc-

tures.8

Emission Generated from Charge Recombination be-

tween RA
�+

and RA
��

The electrochemical properties of RA in CH2Cl2 are

listed in Table 3. Using a setup consisting of fluorescence

spectrophotometer and voltammograph with a PC inter-

face, electrogenerated chemiluminescence (ECL) from RA

was observed with a peak at 456-538 nm in the presence of

0.05 M tetrabutylammonium perchlorate (TBAP) as sup-

porting electrolyte.3 In our previous papers,8 we reported

the emission mechanisms of DEA during pulse radiolysis

in Bz. Along with this result, we examined the emission

measurement during the pulse radiolysis of RA with do-

nor-acceptor structure in Bz.

The annihilation enthalpy change (–
H	) for the

charge recombination between the radical cation and anion

in Bz is calculated by the following equation,8c

–
H	 = Eox � Ered + 0.13 eV,

where Eox and Ered are the oxidation and reduction poten-

tials of RA in CH2Cl2. The calculated –
H	 values for RA

are listed in Table 3. �
H	 for all RA are sufficiently larger

than the S1-state excitation energy (ES1), expecting that the

energy available in the charge recombination is sufficient

to populate all RA in the S1 state.

Emission spectra were observed after an electron

pulse during the pulse radiolysis of RA (1-10 mM) in Ar-

saturated Bz. At 1 mM concentration, all RA showed an

emission peak at 460-560 nm during the pulse radiolysis

(Fig. 5). The fluorescence maxima of NA and DA were ob-

served at the longer wavelength side than those of PA or

OA, suggesting that an emissive ICT excited state is formed

for NA and DA. The radiolysis induced emission intensi-

ties of RA (1 mM) were determined from the total amount

of emission as summarized in Table 4. Although the �fl

value of DA (0.35) was higher than those of OA (0.11) and

NA (0.23) (Table 1), the radiolysis induced emission inten-

sity of DA was the lowest (Ar: 12.9, air: 4.22). It is clear

that the radiolysis induced emission intensity of RA is not

proportional to the �fl value. For PA, OA, NA, and DA, the

energy differences between –
H	 and ES1 (�
H	 � ES1)

were estimated to be 0.75, 0.47, 0.49, and 0.23 eV, respec-

tively (Table 3). The (�
H	 � ES1) value for DA was
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Fig. 4. Time-resolved transient absorption spectra ob-

served at time t = 100 ns (solid line), 1 (broken

line), 10 (dotted line), and 100 µs (dashed-

dotted line) after an electron pulse during the

pulse radiolysis of 9CA (5 mM), PA (5 mM),

OA (5 mM), NA (1 mM), and DA (1 mM) in

Ar-saturated DMF.



smaller than those for other RA, suggesting that the yield of
1DA* is less than other 1RA*, and that the emission intensity

for DA is lower than other RA. Consequently, it is pro-

posed that the radiolysis induced emission intensity of RA

depends on both the �fl and (�
H	 � ES1) values. This was

observed for RA but not for DEA, because RA showed sim-

ilar �fl values (0.l1-0.37), but the larger variation of (�
H	

� ES1) values (0.23-0.75 eV). On the other hand, DEA

showed the large change of �fl value, but slight change of

(�
H	 � ES1) value. It should be concluded that both the �fl

and (�
H	 � ES1) values are important factors of the radio-

lysis induced emission intensity for various donor-acceptor

type compounds.

For some DEA prepared in a high concentration, the

excimer emission has been observed during the pulse ra-

diolysis in Bz.8 In order to confirm the presence or absence

of excimer emission, emission spectra of RA were mea-

sured at a high concentration. No excimer emission, but a

monomer emission was observed during the pulse radio-

lysis of PA and OA in Bz at 10 mM concentration. No ex-

periment was examined for NA at a high concentration be-

cause of the poor solubility in Bz. The DFT calculation

suggests that all RA�+ and RA�� have a twisted geometry

which can not allow the face-to-face interaction between

RA�+ and RA�� in the charge recombination, leading to the

formation of the face-to-face excimer as the emissive spe-

cies. The plausible mechanism of the emission during the

pulse radiolysis of RA in Bz is shown in Scheme II. The

difference between RA and DEA for the formation of the

emissive species is also shown in Scheme III.

It should be noted that no or little emission was ob-

served during the pulse radiolysis of RA in DCE or DMF,

clearly suggesting that RA
�+ and RA�� itself does not emit

light. In other words, both RA�+ and RA�� must be formed

at the same time in order to observe the emission.

Transient absorption spectra were observed during

the pulse radiolysis of RA in Ar-saturated Bz (Fig. 6). The

transient absorption was quenched in the presence of O2,

and no transient absorption was observed in air-saturated
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Table 3. Electrochemical properties of RA in CH2Cl2, and annihilation enthalpy change

(�
H°) and ES1 energies of RA in Bz

Eox Ered �
H	 �
H	 ES1 �
H	 � ES1

RA /V /V /eV /nm /eV /eV /eV /eV

in CH2Cl2 in Bz

PA 1.80 �1.55 3.19 456 2.72 3.48 2.73 0.75

OA 1.48 �1.53 2.85 480 2.58 3.14 2.67 0.47

NA 1.08 �1.58 2.50 538 2.30 2.79 2.37 0.49

DA 0.86 �1.56 2.26 535 2.32 2.55 2.22 0.23

a Peak wavelength and energy of the ECL.

aECL
max�

Fig. 5. Emission spectra observed during the pulse

radiolysis of RA in Ar- (solid square) and air-

saturated (open circle) Bz (1 mM).

Table 4. Emission maximum (�Em) and relative emission

intensity during the pulse radiolysis of RA in Ar- and

air-saturated Bz (1 mM)

Relative intensity/%a

RA
in Ar-saturated Bz in air-saturated Bz

PA 460 100 49.4

OA 467 19.8 10.0

NA 533 29.7 13.4

DA 560 12.9 4.22

a Relative to the emission intensity for PA in Ar-saturated Bz.

Emission intensity was determined from the total amount of

emission.

Em
max / nm�



Bz. Thus, the transient absorption spectra, observed during

the pulse radiolysis of RA in Ar-saturated Bz, are assigned

to 3RA*. Since no transient absorption band of RA�+ and

RA�� was observed immediately after an 8-ns electron

pulse in Bz, it is assumed that RA�+ and RA�� immediately

recombine to give 1RA* within a pulse duration.

The results obtained in this study indicate that the

mechanism for the emission during the pulse radiolysis of

RA in Bz was quite different from those of DEA.8 RA

showed only a monomer emission, while some DEA showed

both monomer and excimer emissions.8b,c For DEA, it is

suggested that the enlargement of a �-conjugated system

allows the �-stacked excimer structure due to the ethynyl

bond between donor and acceptor moieties. Based on the

spectral features of DEA�� and DEA��, the positive and

negative charges seem to be localized on donor and accep-

tor moieties, respectively, leading to a twist at the ethynyl

bonds of DEA�� and DEA��. Therefore, it is suggested that

DEA�� and DEA�� collide neck-to-neck to generate the

excimer in which two acceptor moieties are stacked in the

face-to-face geometry with the donor moieties projecting

away from each other due to the twisted geometry (Scheme

III). On the other hand, no excimer emission was observed

for RA. Since a large repulsion exists between p-substi-

tuted phenyl and bulky 9-(10-cyano)anthracenyl moieties

without the ethynyl linker, �-stacked excimer structure can

not be taken for RA�� and RA�� with the twisted structures.

Therefore, it is suggested that the geometries of a radical

cation and anion also affect the formation of the emissive

species.

We have been reported that the radiolysis-induced

emission intensity of many DEA tends to be proportional to

the �fl value.8 However, the results obtained during the

pulse radiolysis of RA showed that the geometries of RA�+

and RA�� and (�
H	 � ES1) value, together with �fl value,

affect the radiolysis-induced emission intensity. In order to

obtain the high emission efficiency during the pulse radio-

lysis, the following photophysical and electrochemical

properties are important for solute molecules: (1) high �fl

value in solution, (2) high oxidation and reduction poten-

tials, which correspond to large �
H	 values, and (3)

twisted structures between donor and acceptor moieties for

radical cations and anions of solute molecules to prevent

the formation of the excimers with low emission intensi-

ties.

Only monomer emission was observed for all RA

during pulse radiolysis in Bz. The monomer emission was

also observed for PA and OA in the ECL experiment, while

the emission observed for NA and DA was not analyzed in

detail (Table 3).
3 Since RA�+ and RA�� are generated as the

initial species during both pulse radiolysis and electro-

chemical reaction, a similar mechanism can be assumed for

the formation of emissive species. However, the results

suggest that the different experimental conditions such as

solvent and concentrations of RA�+ and RA�� may influ-

ence the emission behaviors during the pulse radiolysis and

electrochemical reaction.
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Scheme II Mechanism for the emission during the

pulse radiolysis of RA in Bz. The first ar-

row denotes the ionization process dur-

ing the pulse radiolysis of Bz

Fig. 6. Time-resolved transient absorption spectra ob-

served at time t = 100 ns (solid line), 1 µs (bro-

ken line), and 10 µs (dotted line) after an elec-

tron pulse during the pulse radiolysis of PA (5

mM), OA (5 mM), NA (1 mM), and DA (1 mM)

in Ar-saturated Bz.



CONCLUSIONS

RA�+ and RA�� generated during the pulse radiolysis

of several substituted RA in various solvents were investi-

gated with the focus on the emission between charge re-

combination of RA�+ and RA��. When Bz was used as the

solvent, RA showed the monomer emission during pulse

radiolysis. The emission is suggested to be originated from
1RA* generated by the charge recombination between RA�+

and RA�� which are generated from the initial radiolytic re-

action in Bz. Based on the DFT (B3LYP/6-31G*) calcula-

tion, a twisted geometry was assumed for all RA. There-

fore, it is expected that the charge recombination between

RA�+ and RA�� does not give the excimer as the emissive

species because of the twisted geometries of RA�+ and

RA��. The radiolysis induced emission intensity of RA is

found not to be proportional to the �fl value, suggesting that

the energy difference between �
H	 and ES1 (�
H	 � ES1)

values is also an important factor for the emission effi-

ciency.
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Scheme III
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