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The So, T1 and Sl Raman spectra of bacteriochlorophyll a, bacteriopheophytin a and
chlorophyll a were recorded for the species of natural abundance isotopic composition
and those of totally substituted with SN, 13C and 2H isotopes. Based on empirical
assignments of the Raman lines, changes in the bond orders in the macrocycle upon
triplet and singlet excitation are discussed.
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The excited-state structures of bacteriochlorophyll (BChl) a, bacter-
iofipheophyti (BPhe) a and chlorophyll (Chl) a play crucial roles in
the primary processes in photosynthesis (see Fig.1 for the chemical
structures of BChl a and Chl a). The electronic orbitals and the
molecular geometry of the conjugated macrocycles are supposed to be
correlated closely with each other in each of the So, T1 and $1 states. In
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FIGURE The chemical structures of (a) BChl a and (b) Chl a.

particular, changes in the bond orders upon excitation of the
macrocycles can be probed by transient resonance Raman spectro-
scopy as changes in the frequencies of the stretching Raman lines,
when they are characterized by the use of isotope-shifts.
The Raman spectra of BChl a and BPhe a in acetone solution were

recorded in the So, T1 and $1 states by the use of the CW 457.9nm
beam, the 420nm5ns pulses, and the 351nm50ps pulses,
respectively. One-color pump-and-probe methods were used to obtain
the T1 and S Raman spectra; the difference spectrum of high photon-
density spectrum minus low photon-density spectrum was taken in
each case. The Raman lines were characterized empirically by the use
of isotope shifts upon full SN, 3C and 2H substitutions, and the shifts
of the characterized Raman lines upon excitation to the T and $1
states were correlated with changes in the bond orders in the
macrocycles. Figure 2 compares schematically the Raman lines of
BChl a in the (a) So, (b) T1 and (c) $1 states. Spectral comparison
reveals the following systematic changes in bond order in the order,
the So, T1 and then $1 state: the Ca,--Cm bond having a double-bond
character decreases in bond order, whereas the Ca--N bond having a
single-bond character increases in the bond order. Comparison of the
Raman lines of BPhe a in the So, T and S states has revealed that
similar changes in the Ca,--Cm and Ca--N bond orders take place
upon triplet excitation, although changes in these bond orders upon
singlet excitation are more complicated (data not shown) [1].
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FIGURE 2 Schematic presentation of the characterized Raman lines of BChl a in the
(a) So, (b) Tz and (c) $1 states.

The So Raman spectrum of Chl a was recorded in ethanol by the use
of the 457.9-nm beam; the T1 Raman spectrum was recorded in
ethanol by a two-color method using the 436-nm pump and 457.9-nm
probe pulses (the two color method was necessary to detect selectively
the relaxed Tz state); and the Sz Raman spectrum was recorded in
benzene (the Sz measurement was hampered by strong fluorescence in
ethanol). The Chl a species with different isotopic compositions, i.e.,
NA, SN; 3C, 3C & SN; and 2H, 2H & SN, were used to facilitate
empirical assignments of the Raman lines using shifts upon ZSN-
substitutions. A preliminary normal-coordinate analysis was also
performed to assign the So Raman lines. Figure 3 lists the So, Tz and $1
Raman lines of NA Chl a, which are associated with the Ca--Cm
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Rain shiR cm-FIGURE 3 Schematic presentation of the Raman lines of Chl a associated with the
Ca--Cm stretchings or the Ca--N stretchings in the (a) So, (b) T1 and (c) S states.

stretchings (hard lines) or the Ca--N stretchings (broken lines). The
results indicate that the bond orders are changed drastically upon
triplet excitation, and that they are changed little upon singlet
excitation [2].
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