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First observation of excited triplet dimers with strong intramolecular
interactions: planar binuclear phthalocyanines
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Zero field splitting parameters of planar binuclear phthalo-
cyanines in the lowest excited triplet state have been
obtained by using a time-resolved EPR method to show a
delocalization of excitation over two phthalocyanine units
for a homodimer and a contribution from a charge transfer
configuration for a heterodimer.

Phthalocyanine (Pc) and porphyrin (Pr) dimers have been
intensively investigated as a model of photosynthetic reaction
centers.1 It has been an important objective to evaluate
intramolecular interactions of these dimers in the excited
state.2

Zero field splittings (ZFSs) of dimers in the lowest excited
triplet (T1) state, which can be obtained by EPR, are useful
parameters for evaluating interactions between constituent units
in dimers.3 Although it is difficult to obtain this kind of
information on Pc derivatives due to the lack of phosphores-
cence in the visible region and the short lifetime,4 a time-
resolved EPR (TREPR) technique has been shown to be useful
for analyses of Pc derivatives,5 and applied to several ‘face-to-
face’ dimers having strong intramolecular interactions.6 How-
ever, ‘head-to-tail’ dimers with strong interactions have not
been observed in the T1 state not only of Pc but also of Pr
derivatives, while a charge transfer (CT) contribution in the T1
state is observed for the photosynthetic reaction centers.7 This
originates from the fact that the interaction in the T1 state is
much smaller than that in the lowest excited singlet (S1) state.

In this study, we have applied the TREPR method to two
planar binuclear conjugated Pc derivatives 3 and 4, in which two
Pcs or one Pc and pyrazinoporphyrazine (Pyz) strongly interact
with each other through a common benzene ring, and have
succeeded in observing TREPR spectra in the T1 state. The
ZFSs of these dimers are compared with those of the
corresponding monomers, and analyzed in terms of a delocal-
ization of excitation over two units and a contribution of a CT
configuration for homo- and hetero-dimers, respectively.

Pc derivatives have been reported by us previously.8 A 1 : 1
mixture of toluene and CHCl3 of spectral grade was used as
solvent for the TREPR measurements. The concentrations of
the samples were (0.5–1) 3 1023 M. All samples were
deaerated by freeze-pump-thaw cycles. TREPR measurements
and simulations of the T1 spectra were carried out following the
method already reported.9,10 Molecular orbital (MO) calcula-
tions were performed for the deprotonated species under the
Pariser–Parr–Pople (PPP) approximation.11

TREPR spectra of 1, 3 and 4 observed at 20 K and 0.5 ms after
laser excitation are shown in Fig. 1. ZFS parameters and
intersystem crossing (ISC) ratios evaluated by spectral simula-
tions are summarized in Table 1. The ISC from the S1 state is
selective to upper Tx and Ty sublevels for all Pc derivatives,
where Tz is the lowest sublevel (z = an out of plane axis). This
selectivity is consistent with those of metal-free porphyrins
previously reported,12 and is interpreted by contribution of

(n,p*), (s,p*) and (p, s*) configurations. These results indicate
that the signs of the D ( = 23Ez/2) values are positive for all Pc
derivatives examined here.

It is found that the D value of 3 is much smaller than that of
1. This decrease can be explained by a delocalization of
excitation over two Pc units in the T1 state. This is supported by
a MO analysis of 3, where the p-electrons of the HOMO and
LUMO delocalize over two Pc units.8,11 To allow a quantitative
discussion, D values were calculated under a half-point charge
approximation.11,13,14 The results are summarized in Table 1,
where the calculated D value (0.426 GHz) of 3 is smaller than
that (0.605 GHz) of 1 in analogy with the experimental
results.
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The D value (0.480 GHz) of 4 is the smallest in our Pc
derivatives, and cannot be interpreted simply by the expansion
of p delocalization in the T1 state. Since the D value of 2 is
larger than that of 1, localization of excitation on the Pyz ring
can be ruled out. The MO analyses of the monomers suggest
that the HOMO (27.49 eV) and LUMO (23.74 eV) of 1 are
higher than the HOMO (27.98 eV) and LUMO (24.02 eV) of
2, respectively. In fact, the electron density on the Pc ring is
larger than that on the Pyz ring for the HOMO of 4, while it is
smaller for the LUMO. Therefore, the small D of 4 originates
from a contribution of a CT configuration between the Pc and
Pyz systems. The calculated D value of 4 is smaller than that of
3 in accordance with the experimental trend.

In summary, planar and conjugated Pc dimers have been
studied in terms of D values. The D value of 3 is smaller than
that of 1 and can be explained by a delocalization of excitation
over two Pc units in the T1 state. The D value of 4 is further
lowered and can be interpreted as the contribution of the CT

configuration between the Pc and Pyz systems. The CT
contribution to the D value is strikingly similar to the
photosynthetic reaction center. To the best of our knowledge,
‘head-to-tail’ dimers with such strong T1 interactions have not
been reported in Pr and Pc derivatives to date. Therefore, these
results are not only important as a model of the photosynthetic
reaction center but also attractive in relation to the mechanism
of electron and energy transfer in photonic devices.

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Area ‘Nanoscale Magnetism and Trans-
port’ No. 10130202 and for Scientific Research No. 10740300
from the Ministry of Education, Science, Sports, and Culture,
Japan, and the Mitsubishi Foundation.

Notes and references
1 J. Deisenhofer, O. Epp, K. Miki, R. Huber and H. Michel, J. Mol. Biol.,

1984, 180, 385; J. Deisenhofer, O. Epp, K. Miki, R. Huber and H.
Michel, Nature, 1985, 318, 618.

2 M. Gouterman, D. Holten and E. Lieberman, Chem. Phys., 1977, 25,
139; A. Osuka and K. Maruyama, J. Am. Chem. Soc., 1988, 110, 4454;
O. Bilsel, J. Rodriguez, D. Holten, G. S. Girolami, S. N. Milam and
K. S. Suslick, J. Am. Chem. Soc., 1990, 112, 4075; N. Ishikawa, O.
Ohno, Y. Kaizu and H. Kobayashi, J. Phys. Chem., 1992, 96, 8832;
A. M. Brun, A. Harriman, V. Heitz and J.-P. Sauvage, J. Am. Chem.
Soc., 1991, 113, 8657.

3 H. Stenlicht and H. M. McConnell, J. Chem. Phys., 1961, 35, 1793; H.
Hayashi, S. Iwata and S. Nagakura, J. Chem. Phys., 1969, 50, 993; H.
Hayashi and S. Nagakura, Mol. Phys., 1970, 19, 45.

4 P. S. Vincett, E. M. Voigt and K. E. Rieckoff, J. Chem. Phys., 1971, 55,
4131. 

5 K. Akiyama, S. Tero-Kubota and Y. Ikegami, Chem. Phys. Lett., 1991,
185, 65.

6 R. Miyamoto, S. Yamauchi, N. Kobayashi, T. Osa, Y. Ohba and M.
Iwaizumi, Coord. Chem. Rev., 1994, 132, 57; S. Yamauchi, H. Konami,
K. Akiyama, M. Hatano and M. Iwaizumi, Mol. Phys., 1994, 83, 335; N.
Kobayashi, M. Togashi, T. Osa, K. Ishii, S. Yamauchi and H. Hino,
J. Am. Chem. Soc., 1996, 118, 1073.

7 J. R. Norris, D. E. Budil, P. Gast, C.-H. Chang, O. El-Kabbani and M.
Schiffer, Proc. Natl. Acad. Sci. U.S.A., 1989, 86, 4335;  J. R. Norris,
T. J. DiMagno, A. Angerhofer, C.-H.  Chang, O. El-Kabbani and M.
Schiffer, Jerusalem Symp. Quantum Chem. Biochem., 1990, 22, 11.

8 D. Lelièvre, L. Bosio, J. Simon, J.-J. André and F. Bensebaa, J. Am.
Chem. Soc., 1992, 114, 4475; N. Kobayashi, H. Lam, W. A. Nevin, P.
Janda, C. C. Leznoff, T. Koyama, A. Monden and H. Shirai, J. Am.
Chem. Soc., 1994, 116, 879; N. Kobayashi, Y. Higashi and T. Osa,
J. Chem. Soc., Chem. Commun., 1994, 1785.

9 K. Ishii, S. Yamauchi, Y. Ohba, M. Iwaizumi, I. Uchiyama, N. Hirota,
K. Maruyama and A. Osuka, J. Phys. Chem., 1994, 98, 9431; K. Ishii,
Y. Ohba, M. Iwaizumi and S. Yamauchi, J. Phys. Chem., 1996, 100,
3839.

10 K. Tominaga, S. Yamauchi and N. Hirota, J. Phys. Chem., 1990, 94,
4425.

11 N. Kobayashi and H. Konami, in Phthalocyanines: Properties and
Applications, ed. C. C. Leznoff and A. B. P. Lever, VCH, New York,
1996, vol. IV, p. 343.

12 J. H. van der Waals, W. G. van Dorp and T. J. Schaafsma, in The
Porphyrins, ed. D. Dolphin, Academic Press, New York, 1978, vol. IV,
p. 257.

13 J. Higuchi, J. Chem. Phys., 1963, 38, 1237; S. Yamauchi, N. Hirota and
J. Higuchi, J. Phys. Chem., 1988, 92, 2129.

14 The D values were evaluated using HOMO and LUMO calculated under
the PPP approximation (ref. 11)

Communication 9/00347I

Fig. 1 TREPR spectra of (a) 1, (b) 3 and (c) 4 with their simulations (lower
line). These spectra were observed at 20 K and 0.5 ms after laser
excitation.

Table 1 ZFS parameters and ISC ratioa

Db/GHz E/GHz Px : Py : Pz Dcalc/GHz

1 0.758 0.070 0.46 : 0.54 : 0 0.605
2 0.900 0.080 0.47 : 0.53 : 0 0.673
3 0.645 0.105 0.35 : 0.65 : 0 0.426
4 0.480 0.040 0.4 : 0.6 : 0 0.422
a D = 23Ez/2, E = |Ex 2 Ey|/2 and Pi (i = x, y and z) denotes anisotropic
ISC. b Errors of D values are within 0.016 and 0.008 GHz for 4 and the other
Pcs, respectively.
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