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Kinetics. The value for the overall rate of the self-reaction of 
HOCH2CH202 radicals of k3 = 7.7 (f1.2) X 1W2 cm3 molecule-' 
s-I is the average obtained from the two chemical systems and 
is the first direct measurement of this rate constant. The value 
is considerably higher than the corresponding reactions for al- 
kylperoxy radicals given in Table 111, but similar to the value of 
k,, = 6.1 X cm3 molecule-' s-' reported by Veyret et a1.29s30 
for hydroxymethyl peroxy radicals: 

2HOCH202 + 2HOCH20 + 0 2  ( 3 0 4  
-m HOCHiOH + HOCHO + 0 2  (30b) 

The higher rate constants for hydroxyalkyl radicals helps confirm 
the different reactivity between the two classes of radicals sug- 
gested by previous work.4JJ2 

The estimated branching ratio for the self-reaction of HOC- 
H2CH202 radicals of k3a/k3a+3b = 0.75 ( f O . l )  favors the ter- 

mination route and is considerably higher than for both the 
CH3CH202 and HOCH202 radicals (Table 111). A third route 
for reaction 3 involves the formation of a symmetrical peroxide: 

Reaction 3c is a very minor route for other small organic peroxy 
radicals, and it may be assumed that the same is true here, al- 
though the importance of this route cannot be measured in this 
study. Reactions 3a and 3c are both terminating pathways, and 
the branching ratio obtained in the kinetic analysis of k3r/k3,+3b 
may be more accurately represented as k3r+3e/k3.+3b+3c. Mech- 
anistic details of the pathways for reaction 3 must await further 
studies and product analysis in particular. 
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The structure and stabilization energy of dimer radical cations of intramolecular and intermolecular pyrenyl compounds 
were estimated by nanosecond laser photolysis in visible and near-IR regions. Electron-transfer quenching of three intramolecular 
dipyrenyl compounds, 1,3-di( I-pyreny1)propane (lPyl Py), 1 -( I-pyrenyl)-3-(2-pyrenyl)propane ( 1  Py2Py), and 1,3-di(Z-py- 
reny1)propane (ZPyZPy), produced the intramolecular dimer radical cation in an acetonitrile solution. The charge resonance 
(CR) band of dimer radical cations of IPylPy and 2Py2Py was located at 1600 nm, and this structure was ascribed to the 
full-overlap conformation of two pyrenyl groups. On the other hand, lPy2Py formed a partial-overlap dimer cation radical 
whose CR band appeared at >2200 nm, which indicates a stability of ca. 2.4 kcal mol-' less than that of the full-overlap 
type. The intermolecular pyrene (Py) dimer radical cation had a CR band at 1450-nm peak and was ca. 0.9 kcal mol-' more 
stable than the full-overlap structure of 1 PylPy and 2Py2Py dimer radical cations. This conformation of intermolecular 
Py dimer radical cation was ascribed to a distorted conformation. 

Introduction 
Many studies have been made on photophysical and photo- 

chemical properties of intramolecular diary1 compounds such as 
1,3-diarylpropanes, bis( 1 -arylmethyl) ethers, 2,4-diarylpentanes, 
and bis( I-arylethyl) These compounds have two aro- 
matic chromophores separated by a three-carbon and or oxygen 

chain length, two aromatic chromophores can take a sandwich 
conformation where the overlap of two *-orbitals of both chro- 
mophores is maximized, and hence when two chromophores are 
identical, the intramolecular excimer is readily formed by pho- 
toexcitation. The analysis of the intramolecular excimer emission 

flexible chain which satisfies Hirayama's n = 3 rule. 1. At this 

(1) Reviews: (a) Semerak, S. N.; Frank, C. W. Ada Polym. Sci. 1984, 
54,31. (b) Guillet. J. Polymer Photophydcs and Photochemistry; Cambridge 
University Press: London, 1985. (c) Roberts, A. J.; Soutar, I. In Polymer 
Photophysics; Phillips, D., Ed.; Chapman and Hall: London, 1985; Chapter 
5 .  (d) Winnik, M. Photophysical and Photochemical Tools in Polymer 
Science; Reidel: Dordrecht, 1986. (e) De Schryver, F. C.; Collart, P.; Van- 
dendriache, J.; Gadeweeck. R.; Swinnen, A,; Van der Auweraer, M. Acc. 
Chem. Res. 1987,20, 159. (f) Ushiki, H.; Horie, K. In Handbook offolymer 
Science and Technology; Cheremisinoff, N. P., Ed.; Marcel Dekker: New 
York, 1989; Vol. 4. 

(2) References are also cited in: Tsuchida, A.; Tsujii, Y.; Ito, S.; Yama- 
moto, M.; Wada, Y. J. Phys. Chem. 1989, 93, 1244. 

spectra and decays of these bichromo 1: horic compounds such as 
N-carba~olyl,~ phenyl?.6 1 -naphthyl!. 2-naphthyl!** 9-anthryl,9 
bipheny1,'O 9-phenanthry1," l-pyrenyl,12 and 2-pyrenyl" moieties 

(3) Hirayama, F. J. Chem. Phys. 1965, 42, 3163. 
(4) Chandrm, E. A,; Dempster, C. J. J.  Am. Chem. Soc. 1970,92,3586. 
( 5 )  Carbazolyl: (a) Klapffer, W. Chem. Phys. Left. 1969, 4, 193. (b) 

Johnson, G. E. J. Chem. Phys. 1974,61,3002. (c) Itaya, A.; Okamoto, K.; 
Kusabayashi, S. Bull. Chem. Soc. Jpn. 1976,49,2082. (d) De Schryver, F. 
C.; Vandendricssche, J.; Toppet, S.; Demeyer, K.; Boens, N. Macromolecules 
1982, 15, 406. (e) Evers, F.; Kobs, K.; Memming, R.; Terrell, D. R. J .  Am. 
Chem. Soc. 1983,105,5988. (f) Vandendriessche, J.; Palmans, P.; Toppet, 
S.; Boens, N.; De Schryver, F. C.; Masuhara, H. 1. Am. Chem. Soc. 1984, 
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Y. Macromolecules 1987, 20,2774. 
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have given valuable information concerning the excimer formation 
in aromatic vinyl polymers. It is noteworthy that the assignment 
of two types of excimer emission, one of which is a full-overlap 
type and the other a partial-overlap type (known as “second 
excimer”), of poly(N-vinylcarbazole) was attained by the study 
of meso- and rac-2,4-di(N-carbazolyl)pentane~.’~~~ 

Intramolecular bichromophoric compounds are also used to 
study the conformations of dimer radical  cation^.^.'^*'^ h ie  et 
aI.l4 studied the geometrical structure of intramolecular dimer 
radical cation of polymers and dimer model compounds having 
naphthalene chromophores by y-ray irradiation16 and the pulse 
radiolysis method. Masuhara et al.I5 studied the dimer radical 
cation formation of dicarbazolyl compounds by the laser photolysis 
method. Recently, we studied the dimer radical cation formation 
of dinaphthyl compounds by laser photolysis and have reported 
the overlap structure of two naphthyl groups in the dimer radical 
cation state.I 

The structure of aromatic dimer radical cations is an important 
subject in radiation chemistry and photochemistry. Badger and 
Brocklehurst17 proposed the distorted conformation of the naph- 
thalene dimer radical cation. Kira et aI.’* studied the formation 
of dimer radical cations of polynuclear aromatic hydrocarbons 
in low-temperature rigid matrices. They measured the charge 
resonance (CR) bandi7 of dimer radical cations in the near-IR 
region for the determination of dimer conformation. To clarify 
the overlap structure of dimer radical cations, intramolecular 
bichromophoric compounds are useful since the conformations 
of the two chromophores are restricted by the short chain. 
Previously? we determined the naphthalene dimer radical cation 
structure by laser photolysis measurement in the visible region 
and assigned the absorption bands of two different dimer radical 
cation conformations. We report herein the findings we obtained 
on the dimer radical cation of pyrene chromophore by laser 
photolysis in visible and near-IR regions. Three intramolecular 
dipyrenyl compounds of 1,3-di( 1-pyreny1)propane (1 Pyl Py), 
1-( l-pyrenyl)-3-(2-pyrenyl)propane (lPyZPy), and 1,3-di(2-py- 
reny1)propane (2Py2Py) were measured in solutions at 298 K, and 
the conformations of the dimer radical cations were determined 
by the position of the CR band. 

Experimental Section 
Chemicals. Figure 1 shows the molecular structures of the 

compounds used along with their abbreviations. All materials used 
were purified by recrystallization and/or column chromatography. 
The purity of intramolecular dipyrenyl compounds was checked 

( I  1) 9-Phenanthryl: Zachariasse, K. A.; Busse, R.; Schrader, U.; KOhnle, 
W. Chem. Phys. Lerr. 1982,89,303. 
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(Wiesbaden) 1976, 101, 267. (b) Collart, P.; Demeyer, K.; Toppct, S.; De 
Schryver, F. C. Macromolecules 1983,16,1390. (c) Masuhara, H.; Tanaka, 
J.  A.; Mataga, N.; De Schryver, F. C.; Collart, P. Polym. J .  1983, 15, 915. 
(d) Zachariw, K. A.; Duvencck, G.; BW, R. J.  Am. Chem. Soc. 1984,106, 
1045. (e) Collart, P.; Toppet. S.; Zhou, Q. F.; Boens, N.; De Schryver, F. 
c. Macromolecules 1985, 18, 1026. (f) Todcsco, R.  V.; Basheer, R. A.; 
Kamat. P. V. Macromolecules 1986, 19, 2390. (g) Siemiarczuk, A.; Ware, 
W. R. Chem. Phys. Left. 1987,140,277. (h) Zachariasse, K. A.; Striker, G. 
Chem. Phys. Lrrr. 1988, 145, 251. (i) Siemiarczuk, A.; Ware, W. R. J .  Phys. 
Chem. 1989. 93,7609. 

( I  3) 2-Pyrenyl: (a) Zachariassc, K. A.; Duveneck, G.; KUhnle, W. Chem. 
Phys. Left. 1985, 113, 337. (b) Zachariasse, K. A.; Duvencck, G.; Klihnle, 
W.; Reynders, P.; Striker, 0. Chem. Phys. Leu. 1987,133,390. (c) Collart, 
P.; Toppct. S.; De Schryver, F. C. Macromolecules 1987, 20, 1266. 

(14) (a) Irk ,  S.; Horii, H.; Irie, M. Macromolecules 1980, 13, 1355. (b) 
Irk ,  S.; hie, M. Macromolecules 1986, 19, 2182. 

( IS )  (a) Masuhara, H.; Tamai, N.; Matap, N.; De Schryver, F. C.; 
Vandendriessche, J. J .  Am. Chem. Soc. 1983,105,7256, (b) Masuhara, H.; 
Yamamoto, K.; Tamai, N.; Inoue, K.; Mataga, N. J .  Phys. Chem. 1984,88, 
3971. 

(16) Hamill, W. H. Radical Ions; Kaiser, E. T., Kevan, L., Eds.; Inter- 
science: New York, 1968. 

(17) (a) Badger, B.; Brocklehurst, B. Trans. Faraday Soc. 1%9,65,2588. 
(b) Badger, E.; Brocklehurst, B. Trans. Faraday Soc. 1969, 65, 2939. (c) 
Badger, B.; Bfocklehurst, B.; Russcll, R. D. Chem. Phys. L r r r .  1%7, 1 ,  122. 

(18)  (a) Kira, A.; Imamura, M.; Shida, T. J .  Phys. Chem. 1976,80, 1445. 
(b) Kira, A.; Nakamura, T.; Imamura. M. 1. Phys. Chem. 1977,81, 51  1. (c) 
Kira, A.; Imamura, M. J .  Phys. Chem. 1979,83, 2267. 

W W 
F i  1. Molecular structures used in this study with their abbreviations: 
Py, pyrene; DCNB, 1,2-dicyanobenzene; 1 EPy, 1 -ethylpyrene; 2 E h ,  
2-ethylpyrene; lPylPy, 1,3-di( I-pyreny1)propane; lPyZPy, I - (  I-pyre- 
nyl)-3-(2-pyrenyl)propane; 2Py2Py, 1,3-di(2-pyrenyl)propane. 

by liquid chromatography, and no trace of monomeric impurity 
was found. 

Pyrene (Py, Tokyo Kasei Kogyo) was purified by recrystalli- 
zation from ethanol two times and by silica gel flash column 
chromatography with benzene as the eluent. 

1-Ethylpyrene (1EPy) was obtained by the hydrogenation of 
1 -vinylpyrene, which was prepared from 1-pyrenecarboxaldehyde 
(Aldrich) by the Wittig reaction,19 using Pd/C as a catalyst in 
tetrahydrofuran. Recrystallization from hexane gave colorless 
leaflets, mp 100-101 OC: IH NMR (CDC13, 90 MHz, Me@) 

(9 H, m, aromatic). 
2-Ethylpyrene (2EPy) was synthesized in the same manner as 

reported”* for 2-a~ety lpyrene~g~~ by a reduction with hydrazine 
hydrate in diethylene glycol. Recrystallization from methanol 
gave colorless crystals: mp 77-78 OC; ’H NMR (CDC13, 90 MHz, 
Me4Si) b 1.36-1.60 (3 H, t, CH3), 2.94-3.28 (2 H, q, CHz), 
7.84-8.42 (9 H, m aromatic). 

1,3-Di( I-pyreny1)propane (lPylPy, Dojindo Lab. Co.) was 
purified by silica gel column chromatography and liquid chro- 
ma tography. 

1 -( l-Pyrenyl)-3-(2-pyrenyl)propane (1 Py2Py) was prepared 
from 1-pyrenecarboxaldehyde (Aldrich) and 2-acetylpyrene by 
the method of Chandross and Dempster.’ 1-Pyrenecarboxaldehyde 
(6.6 g) and 2-acetylpyrene (6.2 g) were stirred in 600 mL of 
ethanol containing 2.0 g of NaOH (dissolved in 10 mL of water) 
at 40 OC for 22 h. The precipitated chalcone was l-(Zpyreno- 
yl)-2-(l-pyrenyl)ethylene: 11.5 g, 93%; mp 280-282 OC. The 
chalcone (10.5 g) was hydrogenated by H2 in 100 mL of tetra- 
hydrofuran, using 0.5 g of 5% Pd/C at 40 OC for 16 h. The 
solution was filtered and evaporated. The residue was washed 
with acetone to give almost pure ketone, 1-(2-pyrenoyI)-2-( 1- 
pyreny1)ethane: 8.7 g, 75%; mp 224-225 OC. The ketone was 
reduced by the reflux of diethylene glycol solution (200 mL) 
containing the ketone (4.0 g), hydrazine hydrate ( 5  mL), and 
NaOH (5.0 g) for 2 h. After treatment with active charcoal and 

6 1.36-1.60 (3 H, t, CH,), 3.22-3.56 (2 H, q, CHI), 7.84-8.40 

(19) Tsuchida, A.; Yamamoto, M.; Nishijima, Y. J .  Chem. Soc., Perkin 

(20) Vollmann, H.; Becker, H.; Correll, M.; Strecck, H. Jusrus Liebigs 

(21) Nakasuji, K.; Akiyama, S.; Nakagawa, M. Bull. Chem. Soc. Jpn. 

Trans. 2 1986, 239. 

Ann. Chem. 1937,531, I .  

1972, 45, 815. 
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recrystallization from ethyl acetate three times, pure material of 
1Py2Py, whose purity checked by liquid chromatography was more 
than 99.99%, was obtained as colorless needles: 0.60 g, 16%; mp 
180-181 OC; 'H NMR (CDC13, 90 MHz, MeSi)  6 2.24-2.64 
(2 H, m, CHI), 3.12-3.60 (4 H, m, CH2), 7.86-8.32 (18 H, m, 
aromatic); 1R (KBr) 3030 w, 2930 w, 2850 w, 1910 w, 1770 w, 
1600 m, 1460 m, 1240 m, 1180 m, 870 s, 840 s, 820 s, 750 s, 710 
s, and 680 m cm-I. 

Anal. Calcd for C3&24: C, 94.56; H, 5.44. Found: C, 94,70; 
H, 5.24. 

1,3-Di(2-pyrenyl)propane (2Py2Py) was synthesized from 
2-pyrenecarbo~aldehyde~O+~' and 2-acetylpyrene following a me- 
thod in the l i t e ra t~re . '~ '*~  Recrystallization from acetone gave 
colorless needles: mp 225-226 OC; 'H NMR (CDCl,, 90 MHz, 
Me@) 6 2.24-2.64 (2 H, m, CH2), 3.10-3.32 (4 H, t, CH2), 
7.88-8.40 (18 H, m, aromatic). 

1,2-Dicyanobenzene (DCNB, Wako Pure Chem. Ind.), used 
as an electron acceptor for pyrenyl chromophore, was purified 
by recrystallization three times. The spectroscopic measurements 
were made in acetonitrile (MeCN, Wako) solvent which was dried 
by P205 and purified by repeated distillation. 

Laser Photolysis Measurements. Samples for laser photolysis 
measurements were degassed by six freeze-pumpthaw cycles in 
a Pyrex ampule fitted with a 1-cm quartz cell. To attain the 
homogeneous excitation and the same distribution of excited states 
in the sample cell, the absorbance at excitation wavelength (308 
or 351 nm) was adjusted to less than unity. The exciting laser 
pulse was properly attenuated by filters to avoid the multiphoton 
excitation of chromophores. All samples contained 5.0 X 
M DCNB as an electron acceptor (as a quencher). Pyrenyl 
chromophores were selectivity excited by a 308- or 351-nm laser 
pulse as DCNB has no absorption at these wavelengths. The 
measurements were carried out at 298 K. 

The apparatus of nanosecond laser photolysis used was described 
elsewhere.22 Photoexcitation of samples was done by a Lambda 
Physik EMGlOlMSC excimer laser. The duration of 308- or 
35 I-nm light pulse was ca. 17 ns. Absorption spectra in the visible 
and near-IR regions were measured with a photomultiplier 
(Hamamatsu, R928) and with an InAs photodiode (Hamamatsu, 
P838), respectively.22b*c 

Results 
Photoexcited Py is quenched by DCNB at the rate constant 

of 1.5 X 1O1O M-l s-l, which was determined by the Stem-Volmer 
plots, in MeCN at 298 K. This electron-transfer quenching in 
polar MeCN solvent produces a radical cation of Py (Py") and 
a radical anion of DCNB (DCNW-). 

Figure 2a shows the transient absorption spectrum of Py with 
DCNB obtained at 500 ns after photoexcitation in MeCN solvent 
at 298 K. The excitation wavelength was 308 nm, and the con- 
centration of Py was 8.1 X lW5 M. At this concentration, almost 
no Py excimer emission could be found and therefore excited 
singlet Py ('Py*) is mainly quenched within 1.3 ns at the con- 
centration of 5 X M DCNB. In Figure 2a two large ab- 
sorption peaks are recognized at 415 and 445 nm. The 415-nm 
band is the T-T absorption of Py tripletz3 ('Py*), and the 445-nm 
band is assigned to Py'+.23*24 In the near-IR region of the 
spectrum, no noticeable absorption can be found. As for the 
absorption of DCNB'-, which has a band peak at 373 nm, the 
contribution of DCNB'- is negligible in the visible and near-IR 
region.2 

In Figure 2b, the excitation of sample was made with a 351-nm 
laser pulse. The molar extinction coefficient of Py at 351 nm is 
smaller than that at 308 nm, and hence the concentration o f  Py 

~ ~ 

(22) (a) Tsuchida, A.; Yamamoto, M.; Nbhijima, Y. J.  Phys. Chem. 1984, 
88, 5062. (b) Yamamoto, M.; Tsujii, Y.; Tsuchida, A. Chem. Phys. Lrrr. 
1989, I54 559. (c) Tsuchida. A.; Tsujii, Y.; Ohoka, M.; Yamamoto, M. 
Nippon Kagaku Kalshi 1989, 1285. 

(23) Grellmann, K.  H.; Watkins, A. R.; Weller, A. J .  Phys. Chem. 1972, 
76, 469. 

(24) Hino, T.; Akazawa, H.; Masuhara, H.; Mataga, N. J .  Phys. Chem. 
1976, 80, 33. 
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Figure 2. Transient absorption spectra of Py with DCNB obtained at 500 
ns after laser excitation in acetonitrile (MeCN) solvent at 298 K. 
Spectra in the UV and visible region (filled circles) were obtained by a 
photomultiplier detector, and those in the near-IR region (open circlcs) 
were obtained by an InAs photodiode detector: ordinates of the latter 
spectra were tripled in the figure. (a) Py (8.1 X M) was excited at 
308 nm in the presence of DCNB (5.0 X M). (b) Py (1.3 X IO-) 
M) was excited at 351 nm in the presence of DCNB (5.0 X IO-' M). 

WAVELENGTH I nm 
Figure 3. Transient absorption spectra of lEPy with DCNB obtained 
at 500 ns after laser excitation in MeCN solvent at 298 K. See also 
caption of Figure 2. (a) lEPy (6.2 X IF5 M) was excited at 308 nm in 
the presence of DCNB (5.0 X M). (b) IEPy (1.0 X IO-' M) was 
excited at 351 nm in the presence of DCNB (5.0 X 

can be raised to 1.3 X M, keeping the same optical homo- 
geneity in the sample cell. In this figure, two new absorption bands 

M). 
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Figure 4. Transient absorption spectra of 2EPy with DCNB obtained 
at 500 ns after laser excitation in MeCN solvent at 298 K. Sec also 
caption of Figure 2. (a) 2EPy (3.9 X M) was excited at 308 nm in 
the presence of DCNB (5.0 X M). (b) 2EPy (1.0 X IO-) M) was 
excited at 351 nm in the presence of DCNB (5.0 X IF2 M). 

can be seen at 515 and 1450 nm. These absorption bands are 
ascribed to the dimer radical cation of Py (PyZ*+).1835 The latter 
1450-nm band in the near-IR region is the charge resonance (CR) 
band." At this concentration of Py. equilibrium of monomer py'+ 
and dimer Py2'+ is establishedZS and the Pye+ band still can be 
seen at 445 nm. 

Figure 3a shows the transient absorption spectrum of lEPy 
quenched by DCNB. Substitution by an ethyl group at the un- 
symmetrical 1-position changed the shape of the visible lEPy'+ 
band a little from that of Py'+ which is shown in Figure 2a. The 
absorption peak shifts to 465 nm, and the band becomes rather 
broad. The band at 415 nm is ascribed to 'lEPy*. In this 
concentration of lEPy of 6.2 X 10-5 M, no CR band can be seen 
in the near-1R region. By raising the lEPy concentration to 1.0 
X M, the CR band appeared at 1550 nm as shown in Figure 
3b. The peak shifts ca. 100 nm to longer wavelengths compared 
with that of Figure 2b. The peak of the visible band of lEPy2*+ 
was at the same position, 515 nm, as that of Py;+. 

Figure 4a shows the transient absorption spectrum of 2EPy (3.9 
X M) quenched by DCNB. The 2EPy'+ band is located at 
the 450-nm peak, and at this concentration of 2EPy, no CR band 
is observed in the near-IR region. At a higher concentration of 
1 .O X lo-' M, the CR band of 2EPy2*+ appeared at the 1500-nm 
peak as shown in Figure 4b. The visible 2EPy2'+ band can be 
seen at 515 nm, whose position and band shape are almost the 
same as those of Py2*+ and 1EPy2'+. 

The dimer radical cation formed intermolecularly may take the 
most stabilized conformation. However, the allowed conformation 
of dimer radical cation of intramolecular dipyrenyl compounds 
of 1 Pyl Py, 1 PySPy, and 2Py2Py is limited by the conformational 
restriction of the methylene chain. 

Figure 5 shows the transient absorption spectrum of the in- 
tramolecular bichromophoric compound 1 Pyl Py quenched by 
DCNB. The excitation was made by a 308-nm laser pulse, and 
hence the concentration of lPylPy was as low as 3.7 X M. 
At this concentration, the contribution of intermolecular inter- 

(25) !a) Kira, A,; Arai, s.; Imamura, M. J .  Chcm. Phys. 1971,544890. 
(b) Arai, S.; Kira, A.; Imamura. M. J .  Chcm. Phys. 1972, 56, 1777. 
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Figure 5. Transient absorption spectra of IPylPy (3.7 X 
DCNB (5.0 X 
Figure 2. lPylPy was excited by a 308-nm laser pulse. 
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Figure 6. Transient absorption spectra of 1Py2Py (3.3 X M) with 
DCNB (5.0 X 1W2 M) in MeCN solvent at 298 K. See also caption of 
Figure 2. 1 Py2Py was excited by 308-nm laser pulse. 

action, such as excimer and dimer radical cation formation, of 
lPylPy is negligible in consideration of the results for Py, lEPy, 
and 2EPy described as before. In this figure, four absorption peaks 
are recognized. There is a CR band of lPylPy'+ whose peak 
appears at 1600 nm. The absorption bands at 515 and 415 nm 
are ascribed to lPylPy*+ and 31PylPy*, respectively. The ab- 
sorption at 395 nm is probably another visible band of the 
l P y l F ' ~ ' + ~ ~  dimer radical cation. In this system, no appreciable 
absorption of py'+ whose positive charge is localized to one pyrene 
moiety could be seen. Two pyrenyl groups at the C3 position are 
favorable to a sandwich conformation,' and this displaces the 
equilibrium to the dimer radical cation formation. 

Figure 6 shows the transient absorption spectrum of lPy2Py 
quenched by DCNB. This lPy2Py has two pyrenyl groups sub- 
stituted at different positions. It is noteworthy that the peak 
position of the CR band of 1Py2Py'+ shifts beyond a wavelength 
of 2200 nm, which is beyond the wavelength limit of our apparatus. 
The CR band sition reflects the degree of interaction of two 

appearing at ca. 595, 5 15, and 395 nm are ascribed to intramo- 
lecular 1 Py2py'+ dimer radical cation because 1 E w +  and 2EPy'+ 
monomer radical cations have no absorption at these positions. 
The band at 41 5 nm is the T-T absorption of 31Py2pY*. Similarly 
to lPylPy'+, no appreciable absorption of localized Py'+ could 
be found. 

Figure 7 shows the absorption spectrum of 2Py2Py quenched 
by DCNB. Two pyrenyl groups of 2Py2Py are linked by a 

chromophores,' EO and this is discussed in a later section. The bands 
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--- 2Py2Py 1 
1600 

WAVELENGTH I nm 
Figure 7. Transient absorption spectra of 2pY2pY (3.5 X 10" M) with 
DCNB (5.0 X M) in MeCN solvent at 298 K. See also caption of 
Figure 2. 2Py2Py was excited by a 308-nm laser pulse. 

methylene chain at a symmetrical 2-position, and the substitution 
a t  this position forms no rotamer of pyrenyl chromophore. The 
CR band of this 2Py2Py'+ appears at  1600 nm, which is the same 
position as that of 1 Pyl Py*+. In a series of measurements at  a 
fixed excitation wavelength, the absorbance of samples and the 
laser intensity were kept constant. Therefore, the ordinates of 
the transient absorption spectra are comparable for all figures. 
The magnitude of the 2Py2Py'+ CR band seems to be somewhat 
smaller than that of IPylPy'+. The bands a t  ca. 510 and 390 
nm are assigned to the 2Py2Py'+ dimer band. The positions of 
these bands are in good agreement with those reported by Ma- 
suhara% for bis( I-pyrenylethyl) ether. The band at  41 5 nm, which 
can be seen in all spectra, is ascribed to that of 32Py2Py*. 

Discussion 
Conformations of Intramolecular Dimer Radical Cations. The 

dimer radical cation is expected to have a sandwich structure.17 
Two intermolecular pyrenyl chromophores may take various 
sandwich conformations, whereas the allowed conformations for 
intramolecular dipyrenyl compounds are limited by the restriction 
of the C, methylene chain. 

Figure 8 shows all possible sandwich conformations of three 
dipyrenyl compounds of this study. The substitution of a pyrenyl 
chromophore a t  an unsymmetrical 1 -position forms rotamers. 
Therefore, two conformations are allowed for the sandwich con- 
formation of 1 PylPy. One is the full-overlap and the other is the 
partial-overlap structure as shown in the figure. On the other 
hand, substitution of Py at  a symmetrical 2-position forms no 
rotamer. Accordingly, the possible sandwich conformations for 
lPy2Py and 2Py2Py are only one for each compound. The 
numbers of overlapped benzene rings for these conformations of 
1 Pyl Py full, 1 Pyl Py partial, 1 Py2Py, and 2Py2Py are four, one, 
two, and'four, respectively. 

The position of the CR band indicates the degree of interaction 
of two pyrenyl chromophrores of the dimer radical ~ a t i o n . ' ~ * ~ & * ~ ~  
The laser photolysis measurements showed the CR band peak of 
1 Pyl Py'+, 1 Py2Py'+, and 2Py2Py0+ as 1600, >2200, and 1600 
nm, respectively. There is only one possible sandwich structure 
of the 2Py2Py'+ dimer radical cation as shown in Figure 8. 
Therefore, we ascribed the CR band at  1600 nm in Figure 7 to 
this structure. The situation is analogous for the 1Py2Py+ dimer 
radical cation. The only possible sandwich structure of 1 Py2py'+ 
is the one shown in Figure 8, and this structure has the CR band 
at  >2200 nm as shown in Figure 6. As for lPyl Py, two overlap 
conformations are possible by the rotation of pyrenyl chromophore 
as shown in Figure 8. The observed C R  band absorption for 
1 Pyl Py*+, as shown in Figure 5 ,  was almost the same in shape 
and peak position as that of 2Py2Py'+. Therefore, this band is 

(26) Masuhara, H.  J .  Mol. Srrun. 1985. 126, 145. 

lPylPy Partial --- 1pylPv Full 

LPY2TY LpYZP% 
Figure 8. Allowed sandwich conformations of intramolecular pyrene 
dimer radical cations for lPylPy, 1Py2Py, and 2Py2Py dimer com- 
pounds. 

ascribed to the full-overlap conformation of the lPylq.'+ dimer 
radical cation. Our present findings show no positive evidence 
of the existence of the lPylPy*+ partial-overlap form. The C R  
band of the partial-overlap form may be located at  too long a 
wavelength to be measured or the partial-overlap form may be 
minor. The reason seems to be the latter because the magnitude 
of the CR band of lPyIPy'+ as shown in Figure 5 is not less than 
that of 2Py2Py'+ in Figure 7. 

Quenching Process by DCNB. Extensive investigations have 
been made on the excimer formation and decay of 1PylPy. 
Zachariasse et a1.12d.h proposed a three-state model for the in- 
terpretation of 1 Py 1Py fluorescence. Siemiarczuk and Ware1&' 
claimed the existence of the ground-state conformers. Schryver 
et al.Ic proposed the existence of preequilibrium of tt and tg* 
conformers in the ground state. In this study we focused our 
attention on the conformation of the dimer radical cation, which 
is the final product of every quenching route. The electron ac- 
ceptor DCNB can quench both locally excited and excimer states 
of lPylPy, both of which produce lPylPy'+ dimer radical cations. 
In the ground state, 1,3-disubstituted propane can take a tt and 
a tg* chain conformation.1c On the other hand, the sandwich 
excimer and dimer radical cation take a g+g- or g-g+ (same 
overlap) conformation, and this conformational change takes a 
few nanoseconds. At 5.0 X 10-2 M DCNB concentration, it takes 
1.3 ns to quench the pyrenyl chromophore as mentioned before. 
Therefore, in this experimental condition, the intramolecular 
excimer formation and the quenching by DCNB are competing. 
This makes the processes complicated, though the latter occurs 
somewhat preferentially. In our previous study on dinaphthyl 
compounds,2 the ground-state conformations were less reflected 
to the dimer radical cation structures; the ratios of two rotamers 
of eclipsed type to staggered type were almost the same for 1,3- 
di(2-naphthy1)propane and meso- and rac-2,4-di(2-naphthyl)- 
pentane. However, for 1 PylPy, the full-overlap conformation of 
1 Py 1 Py*+ was found to be major as mentioned before. This may 
be because the overlap of only one benzene ring of pyrenyl 
chromophore is not sufficient to produce a partial-overlap 
1 Py 1 Py*+ dimer radical cation. 

Stabilization Energy of Dimer Radical Cation. The charge 
resonance between two chromophores of dimer radical cation splits 
the energy levels of constituent molecules. If the splitting is 
symmetrical, the stabilization energy is equal to half the energy 
of the observed 

Table I summarizes the visible and near-IR bands of dimer 
radical cations observed in this work. The stabilizal.ion energies 
were calculated from the peak positions of the CR bands. These 

(27) Badger, B.; Brocklehurst, B. Nuture 1968, 219, 263. 
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TABLE I: Absorption Maxima and Stabilization Energies of Dimer 
Radical Cations of Pyrenyl Compounds Observed in This Study 

stabilizn 

compd vis near-IR kcal mol-' 
energP/ abs max/nm 

PY 515 1450 9.86 
1 EPy 515 1550 9.23 

515 1500 9.54 
1600 8.94 IPylPy 515 

1 Py2Py 5 15, 595 > 2 200 C6.50 
2Py2Py ca. 510 I600 8.94 

2EPy 

C- Stabilization energies were calculated from the absorption peak of 
charge resonance (CR) bands. See also text. 

values obtained by their peaks are probably ~verestimated;~' Arai 
et al.25b reported the stabilization energy of Py2'+ as 7.1 f 1.5 
kcal mol-'. In this report, we tentatively use the values shown 
in Table I because our interest here is on the relative values and 
the order of stabilization energy for different overlap structures. 

As shown in the table, the stabilization energy of Py2'+ is the 
largest. Full-overlap conformation of 1 Py 1 Py" and 2Py2Py" 
is about 0.9 kcal mol-' less stable than Py2'+. The stabilization 
energy of 1Py2Py'+ is the smallest, more than 3.3 kcal mol-' less 
stable than Py2'+. According to Kira et a1.,18c the increase in 
molecular size of polynuclear aromatic hydrocarbons causes a 
decrease in the attractive force by the repulsion between filled 
orbitals of constituent molecules. In the present study, molecular 

size is fixed to that of the pyrenyl chromophore, whereas the 
overlap is changed. The full-overlap conformation of intramo- 
lecular lPylPy'+ and 2Py2Py'+ dimer radical cations has the 
strongest attractive resonance, but the repulsive force is also 
maximum. The stronger interaction for intermolecular Py2'+ is 
explained by assuming the distorted dimer radical cation structure. 
1 EPy;+ and 2EPy2*+ are also expected to have distorted forms. 
However, the stabilization energy is not so large as that of Py2'+. 
This may be due to the steric hindrance of ethyl group or slight 
change of the electronic state of pyrene chromophore by ethyl 
substitution. 

The CR band of intramolecular 1Py2Py'+ appeared at >2200 
nm, and hence the stabilization energy was the smallest. As shown 
in Figure 8, only two benzene rings overlap in this compound. The 
attractive charge resonance at  this conformation is considered to 
be weaker than that at  the full-overlap conformation. 

Conclusion 
The conformation and the stabilization energy of pyrenyl dimer 

radical cation were studied for three intramolecular dipyrenyl 
propane. 1 Py 1 w+ and 2Py2w+ form full-overlap dimer radical 
cations which have a CR band peak at ca. 1600 nm. The overlap 
structure by only two benzene rings of 1Py2Py'+ decreased the 
stabilization energy more than 2.4 kcal mol-' from that of the 
full-overlap type. The dimer radical cation of intermolecular Py;+ 
took a distorted conformation, and this form was ca. 0.9 kcal mol-' 
more stable than the perfect sandwich overlap conformation. 
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Setsuo Takamuku, t Mitsubiro Kusaba,* Nobuaki Nakashima, 9 Shozo Y anagida,* 

Oligo(p-phenylenes) (OPP-n), p-terphenyl (OPP-3) to p-sexiphenyl (OPP-6), catalyze water-reductive H2 formation and 
reduction of concomitantly formed acetaldehyde to ethanol upon irradiation of heterogeneous suspensions in aqueous organic 
solution in the presence of triethylamine (TEA) and RuCI,. Colloidal Ruo is photoformed in situ to work as an electron 
relay. The activity of OPP-n increases with the number of phenylene units except for the cases of OPP-3 and of the alkylated 
derivatives, where the net photocatalytic activities are higher, mainly due to the effective homogeneous catalysis, since their 
solubilities in the solvents employed are significantly larger. The homogeneous photocatalysis of OPP-3 leads not only to 
H2 evolution but also to effective formation of ethanol in the absence of colloidal RuO, being accompanied by photo-Birch 
reduction of OPP-3. Dynamics studies of OPP-3 reveal that photocatalysis should be initiated by formation of the excited 
singlet state of OPP-3 (IOPP-3*), which is reductively quenched by TEA at a rate controlled by diffusion to produce the 
OPP-3 radical anion (OPP-3') and the TEA radical cation (TEA'+). From laser flash photolysis and pulse radiolysis experiments, 
it is concluded that electron transfer from OPP-3'- leads to effective reduction of water to H2 catalyzed by Ruo colloid. 
Furthermore, it is confirmed that OPP-3'- gives electrons directly to acetaldehyde without any electron relays like colloidal 
metals, resulting in the formation of ethanol. During photocatalysis, OPP-3 itself undergoes photo-Birch reduction to some 
extent. 

Introduction 
We previously reported that under visible light, poly@- 

phenylene) (ppp)  prepared by Yamamoto's method shows bet- 
erogeneous photocatalysis for cis-trans photoisomerization of 

simple olefins' and for photoreductions of water, ketones, and 
olefins to respective H2, alcohol, and dihydro compounds in the 
presence of triethylamine (TEA) as a sacrificial electron donor.2 
Although colloidal Ru metal formed by the concurrent photolysis 

(1) Yanagida, S.; Hanazawa, M.; Kabumoto, A,; Pac, C.; Yoshino, K. 
Synth. Met. 1987, 18, 785. 

(2) (a) Yanagida, S.; Kabumoto, A.; Mizumoto, K.; Pac, C.; Yoshino, K. 
J. Chem. Soc., Chem. Commun. 1985,474. (b) Shibata, T.; Kabumoto, A.; 
Shiragami, T.; Ishitani, 0.; Pac, C.; Yanagida, S. J .  Phys. Chem. 1990, 91, 
2068. 
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