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A report is given of the results of investigations of electronic-vibrational spectra of chlorophyll
molecules and their analogs, embedded in solid-state matrices, which were carried out using
modern selective spectroscopic methods such as laser monochromatic excitation of the
fluorescence and spectral hole burning. The fundamentals of the application of these methods to
complex impurity molecules are considered together with the problems encountered in the
analysis of the structure of the selective spectra, mechanisms of the appearance of stable and
dynamic spectral holes, and determination of homogeneous spectral profiles and relaxation
times. Special attention is given to a theory of the appearance of zero-phonon lines under energy
transfer conditions and experimental detection of these lines in model and native systems.
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1. INTRODUCTION

Complex organic molecules play the key role in a very
wide range of biophysical and biochemical processes. In the
case of such molecules as chlorophyll, rhodopsin, phytoch-
rome, etc., their functioning depends directly on the interac-
tion of the electron system with light. The absorption and
fluorescence spectra of chlorophyll-like molecules in solu-
tions consist of wide structure-free bands formed as a result
of transitions between electronic-vibrational (vibronic) lev-
els. Since large molecules have a very large number of the
vibrational degrees of freedom, the corresponding energy
levels are densely and partly quasicontinuously spaced.
Therefore, there has been even a view that, in principle, such
molecules cannot have narrow spectral lines.

Observation of quasiline electronic-vibrational spectra
of some aromatic molecules in frozen n-alcane matrices
(representing discovery' of the Shpol’skii effect) has been
followed by a report of fine-structure spectra'’ and also of
some porphyrins in Shpol’skii matrices.” This has been fol-
lowed by a cycle of investigations of fine-structure spectra of
the parent in this class of compounds, i.e., porphin and some
of its derivatives (see Ch. 4 in Ref. 3). In the case of chloro-
phyll and its analogs the initial hopes of obtaining quasiline
electronic spectra have also been based on the Shpol’skii ef-
fect, but the usefulness of this method in the case of such
large molecules has been found to be very limited. *’
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It should be stressed that the appearance of fine-struc-
ture spectra of impurity molecules is due to the presence of
zero-phonon lines in the spectra of solids and interpretation
of the Shpol’skii spectra has been the touchstone for the the-
ory of zero-phonon lines.® Only a few years after the develop-
ment of the theory *'° new important evidence has been ob-
tained showing that it applies to such systems: selective
excitation of the components of a multiplet has been
achieved and the theoretically predicted phonon wings have
been found in the excitation'' and fluorescence?' spectra.
Investigations have also been made of the thermal broaden-
ing and shift of zero-phonon lines in the Shpol’skif spectra
(see, for example, Refs. 13 and 14) which confirm all the
fundamental conclusions of the theory.'®

Investigations of zero-phonon lines of impurity centers
in inorganic crystals have been proceeding in parallel (see,
for example, Refs. 15-17). An important contribution to the
understanding of the electronic-vibrational interaction pro-
cesses has been made by studies of small molecular ions pres-
ent as impurities in alkali halide crystals.'®

In the late sixties the accepted view has been that the
main factor preventing observation and investigation of nar-
rower purely electronic zero-phonon lines in crystalline ma-
trices is inhomogeneous broadening (see §30 in Ref. 10).
The width of a purely electronic line in the spectrum of one
center or a set of perfectly identical impurity centers (i.e., in
a homogeneous spectrum) approaches the radiative width

© 1988 American Institute of Physics 225



(T, $107* em™!) in the limit 7—-0. In real crystals, and
even more in glasses, each impurity center is under the influ-
ence of various local fields because of the presence of defects,
dislocations, other impurities, or simply a disordered struc-
ture of the matrix. These local differences result in stochastic
shifts of the transition energies, which are manifested as in-
homogeneous broadening of the spectra amounting to less
than 1 cm ™! in the case of good single crystals and hundreds
of reciprocal centimeters in the case of glasses.

The feasibility of partial suppression of inhomogeneous
broadening of the spectrum by narrow-band excitation of
the fluorescence was demonstrated in an earlier investiga-
tion'? using the example of solutions of coronene molecules
at 77 K. Some narrowing of the lines of rare-earth impurities
has been achieved by luminescence excitation using a mon-
ochromatized lamp® or nonresonance laser?’ radiation. The
almost complete suppression of inhomogeneous broadening
has been achieved by resonance laser excitation of ruby crys-
tals for which theelectronic R, line has been narrowed down
to 0.007 cm ~ ! (Ref. 22).

In the case of organic molecules in matrices which are
not specially selected the situation is more complex because
the spectra of the majority of frozen solutions are practically
structure-free even at helium temperatures and the reason
for the broadening is not clear. Selective laser excitation of
such systems has revealed a striking effect of transformation
of continuous into quasiline spectra, thus proving finally the
decisive role of the inhomogeneous broadening.

Selective spectroscopic investigations of chlorophyll
and its derivatives began with the work reported in Refs. 5
and 24. Soon after a theoretical analysis of the line widths
and intensities in the case of selectively excited spectra, es-
sential for interpretation of the observed complex structure,
was provided.?*?® In particular, it was shown there that the
purely electronic lines in the fluorescence spectra observed
as a result of nonresonance monochromatic excitation as-
sume the width of the corresponding vibronic absorption
lines, i.e., they are still strongly broadened compared with
the natural width of purely electronic lines predicted by the
theory. The homogeneous profiles of the narrower purely
electronic lines can be revealed by the method of optical
burning of spectral holes or dips, which was proposed in
Refs. 27 and 28 and has subsequently become highly popu-
lar.?® The hole burning method has also been used to im-
prove considerably the resolution of the spectroscopic data
on chlorophyli-like molecules.

2. THEORY

2.1. Zero-phonon lines in the spectrum of a selectively
exclted inhomogeneous system

In the simplest model of an impurity center in a crystal,
when only the shift of the adiabatic potentials as a result of
an electron transition is taken into account (this corre-
sponds to the linear electronic-vibrational interaction),
purely electronic lines have the radiative width and they rep-
resent the optical analog of the Mdssbauer lines.®'” When an
allowance is made for a change in the system of normal co-
ordinates (corresponding to the quadratic electron-vibra-
tional interaction) and anharmonicity of the vibrations, it is
found that purely electronic lines becomes broader on in-
crease in temperature.® %1 Vibronic lines, representing rep-
licas of purely electronic lines associated with local vibra-
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tions (which in the case of molecular impurities are of the
internal molecular type), are broadened even at absolute
zero because of the anharmonic decay of the relevant levels.
All the zero-phonon lines are accompanied by phonon
wings, which are manifested because of the difference be-
tween the adiabatic potentials of crystal vibrations. The line
intensity, relative to the integral intensity of the wing plus
the line itself, is known as the Debye-Waller factor. The
manifestation of the electronic-vibrational interactions in
fine-structure spectra have been considered, for example, in
the review reported in Ref. 30.

Such ““ideal” spectra of real systems are averaged over
an inhomogeneous ensemble of impurity centers, which is
manifested as inhomogeneous broadening. A thorough in-
vestigation®' has shown that inhomogeneous broadening
may be characterized by different distributions in crystals,
giving rise to Gaussian or Lorentz line profiles. The validity
of the theory of Ref. 31 was demonstrated successfully in the
case of the O, centers.”

Selective excitation of zero-phonon lines in inhomogen-
eous systems is based on the fact that these lines are extreme-
ly narrow so that they have an enormous peak intensity. ** If,
by way of example, we consider purely electronic lines in the
limit T— 0 with a radiative width of 10~*cm ~' (7, =50 ns)
and a wing of width 10? cm ~ !, we find that when the Debye-
Waller factor is S = 0.1, the ratio of the peak intensities of
the line and wing should be 10°. Then, also in a monochro-
matically excited fluorescence spectrum the peak line inten-
sity should be several orders of magnitude higher than the
wing intensity. However, in the real experiments the tem-
perature of a sample is not zero and the phonon wings as well
as vibronic zero-phonon lines participate in the absorption,
so that it is necessary to allow consistently for all the compo-
nents of the spectra. A useful concept in the analysis of selec-
tively excited spectra is an inhomogeneous broadening func-
tion representing the distribution of the number of impurity
centers (molecules) arranged in accordance with the shifts
Av of the frequency of a purely electronic transition.”*** A
monochromatically excited fluorescence spectrum can then
be described by a convolution

F (vey vy) =1, g p (Av) @ (v¢ — Av) % (ve — Av) dAv,

(H

where p(Av) is the inhomogeneous distribution function;
@(v) and »(v) are the homogeneous fluorescence and ab-
sorption spectra; v; and v, are the spectra at which the flu-
orescence is recorded and excited, respectively (Fig. 1). The
coefficient 7, represents a frequency-independent fluores-
cence efficiency. If v, = const, Eq. (1) describes the excita-
tion spectrum (also called the “selective absorption spec-
trum”).

Separation of homogeneous spectra into zero-phonon
lines and their phonon wings by means of Eq. (1) leads to the
following conclusions.?>?® Firstly, the observed line width
.. consists of homogeneous fluorescence and absorption
line widths:

Tee = Te + Ty (2)

Secondly, excitation in the range of vibronic transitions
gives rise to a multiline structure in a purely electronic band.
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FIG. 1. Inhomogeneous distribution function p(Av) of a
Gaussian profile with a half-width o and two homogeneous
absorption spectra x(v) with a purely electronic line width
I', shifted by the frequency Av. Here, F,, is an inhomogen-
eous fluorescence spectrum obtained using white excitation
and F| is the corresponding spectrum obtained using mono-
chromatic excitation in resonance with a vibronic zero-
phonon line of width I', corresponding to a local mode ;.

The separations of these “pseudolines” from the excitation
line, v, — v, are equal to the frequencies of local vibrations
o, in an excited electronic state. Therefore, these frequencies
can be found directly from the fluorescence spectra. Such a
multiline structure has been reported for Shpol’skii sys-
tems?® and for molecules in glassy matrices.*’ Its manifesta-
tion is typical of systems exhibiting a strong inhomogeneous
broadening (see Sec. 3.2).

Thirdly, the relative intensities of the line and wing de-
pend strongly on the shift Av of the excitation frequency
within the limits of the inhomogeneous distribution func-
tion: zero-phonon lines are more likely to participate in the
absorption at the low-frequency edge than at the high-fre-
quency end where summation of the phonon wings is the
dominant feature (so that a pseudowing is observed). This
conclusion has been confirmed in greater detail by model
calculations.?® Recently such numerical calculations were
made for various spectral profiles and ratios of the param-
eters of the model.”” The inhomogeneous distribution func-
tions of excited molecules and the selectivity function were
considered and the effective Debye-Waller factor was calcu-
lated.

In this connection we should point out that the mirror
symmetry between the fluorescence and absorption spectra
is lost because of inhomogeneous broadening in the selective
spectra. As shown in Ref. 38, if p(Av) is a symmetric curve
and the homogeneous spectra »(v) and ¢ (v) have a mutual
mirror symmetry, Eq. (1) yields a two-dimensional symme-
try between the fluorescence and excitation spectra:

£ (v. vH) - F(vom= — ¥, v = —), (3)

where % (v, v*) is the excitation spectrum recorded at a
frequency v, = v* and the frequencies are measured from
the unshifted (Av = 0) purely electronic line. Hence, we ob-
tain a simple relationship between the values of the Debye-
Waller factor for these two spectra:

Be (v == v*) = By (Ve == —v¥). (4)

which reflects the circumstance that the intensity of a line in
the fluorescence spectrum increases for excitation at the
“red” edge of the inhomogeneous distribution function
(v* <0), whereas in the excitation spectrum this happens at
the “blue” edge (v* > 0).

In this simple model the inhomogeneous distribution
function is defined for a single specific electronic transition.
It is shown in Ref. 39 that inhomogeneous distributions of
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various electronic transitions may in practice be uncorrelat-
ed and, therefore, for example the narrowing of the fluores-
cence spectra has become possible only as a result of the
direct T, ~S, excitation.*® An additional small inhomogen-
eous broadening is experienced also by vibrational sublevels
of the state with a fixed frequency of the purely electronic
transition.*'

The solution of the direct problem of calculation of the
observed spectral curves and of the parameters on the basis
of model concepts is tackled in a number of papers in which
methods are developed for the determination of the inhomo-
geneous distribution function itself and of homogeneous
spectra from the experimental results.**™** The problems in a
unified theory of resonance secondary radiation under con-
ditions of inhomogeneous broadening have also been consid-
ered.®’

2.2. Influence ot energy transter on the excitation selectivity

The published calculations have been made for the case
of a low concentration when the transfer of the excitation
energy between impurity molecules can be ignored. Investi-
gations of the spectra of chlorophyll in model and native
systems have made it necessary to consider also selective
spectra in the case of fast energy transfer. This situation was
considered in Ref. 38.

We shall begin with the model of Sec. 2.1 and calculate
the probability of energy transfer between impurities in an
inhomogeneous ensemble using the dipole-dipole approxi-
mation in accordance with the treatment of Forster and Ga-
lanin*®:

W (vg, vay B) « RS (vy, v,) RS, (5)

where v, and v, are the shifts of the frequencies of the 0-0
transition in a donor and an acceptor, respectively; R is the
distance between them. The transfer radius is governed by
the overlap integral

Ry « S (vg—w,) == 3 § (vy—vg) ® (v —v,) dve, (6)

Nonresonance transfer due to the overlap of phonon wings
in the fluorescence spectrum of a donor and the absorption
spectrum of an acceptor causes the zero-phonon line to dis-
appear in the case of a wide inhomogeneous distribution
function (Fig. 2).

It is useful to consider the energy transfer function
p(vy) representing the average probability of transfer from a
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FIG. 2. Schematic representation of energy transfer in
an inhomogeneous band (o = 42) from centers excit-
ed resonantly at a frequency v, to acceptors with a
zero-phonon line frequency v, because of overlap of
the corresponding fluorescence @(v) and absorption
x(v) spectra. The phonon wing in x(v) is modeled by
aprofile Q(a, v) = va ~ %exp( — v/a), v»0; Q = O for
v <0. The zero-phonon line is modeled by a Lorent-
zian (a = 10, # = 0.2). Calculated results: inhomo-
geneous absorption spectrum ¥(v.), transfer func-
tions p(vy) and g¢(vy), factors representing
attenuation of the zero-phonon line in the fluorescence
T(vy) and excitation r.(v;) spectra [denoted by
L. (v).]

given donor to all possible acceptors inside an inhomogen-
eous system. Assuming that the averaging over the distances
is independent of the frequency distribution, we obtain

P(0) =Po | 1 (%) S (v — vo) dv,. (7

If rigorous averaging is carried out over the distances and
frequencies, the transfer function becomes modified some-
what to

q (Vq) = qq S P (Vo) [S (vg —va) 112 dwv,,. (8)

Figure 2 shows the results of a model calculation of the func-
tions p(v, ) and ¢(v, ) which reflect the general tendency for
the rate of transfer to decrease in the region of the low-fre-
quency edge of an inhomogeneous spectral band. This is due
to a reduction in the number of suitable [in the sense of the
magnitude of the overlap integral of Eq. (6)] acceptors on
reduction in v,. The functions p and ¢ differ little, so that in
practice we can use the simpler expression given by Eq. (7).
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The fall of the relative intensity of the zero-phonon line is
then manifested by a frequency dependence of the donor flu-
orescence efficiency

T (vg) = [1 - pyep (V)I7h (9)

here, the parameter p, represents the maximum transfer rate
(at a given concentration) expressed in terms of the recipro-
cal of the decay time 7, ' of the excited state.

The actual form of the fluorescence spectrum is then
calculated by solving the integral equation for f(v,, Av),
which represents an inhomogeneous spectral distribution of
the population of the excited state on the assumption that the

tcitation is monochromatic. The fluorescence spectrum
an now be described by

-

Fy (Ve v) = | (vee &%) @ (3 — Av) d Aw, (109

The results of model calculations (Fig. 3) show that al-

FIG. 3. Selectively excited fluorescence spectra calculated **
allowing for energy transfer in the model of Fig. 2 for v,
= 24,0,and — 24 assuming that the transfer parameter has
the values p, 7, = 0, 3, and 10, which are given alongside the
curves. The spectra are reduced to the same area.
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though the reduction in the zero-phonon line is considerable
near the maximum of the inhomogeneous band, at the low-
frequency edge we can still obtain clear lines even when the
concentration reaches the critical value C=~(R,) >. An
analysis of the associated excitation spectra shows that Eqgs.
(3) and (4) are violated by the transfer process. In the case
of the fluorescence spectra the frequency dependence of the
Debye-Waller factor becomes stronger, whereas for the exci-
tation spectra the frequency dependence becomes flatter. In
this sense the zero-phonon lines in the excitation spectra are
less sensitive to energy transfer than those in the fluores-
cence spectra, where the lines in the high-frequency part of
the inhomogeneous distribution function disappear rapidly.
These trends are manifested by a frequency dependence of
the relative reduction in the effective Debye-Waller factor as
a result of energy transfer. In the case of the fluorescence
spectra the ratio in question is simply equal to the fluores-
cence efficiency of the initially excited donors T'(v, ), where-
as in the case of the excitation spectra, we have

T (11)

Te {(v4) = s
e ( r) F(tw) (ve)

where F™™ (v;) represents the fluorescence spectrum ob-
tained as a result of excitation with white light. It is clear
from Fig. 2 that the frequency dependences of the curves
T(v,) and r, (v;) are indeed very different.

Since these calculations were carried out for a reso-
nance 0-0 group, in real experiments when the vibronic ab-
sorption region is also excited, we have to allow for the su-
perposition of several (pseudo)lines and their wings also in
the purely electronic region. Hence, we can draw the general
conclusion that the most suitable procedure for observing
the zero-phonon lines is determination of the excitation
spectrum of the fluorescence corresponding to the short-
wavelength edge of the 0-0 band.

3. FINE-STRUCTURE SPECTRA OF CHLOROPHYLL-LIKE
MOLECULES

3.1. Experimental techniques

Spectroscopic measurements are now usually made em-
ploying laser radiation sources. The first experiments on
suppression of inhomogeneous broadening were carried out
by exciting the fluorescence with individual lines emitted by
cw gas lasers.”***2¢ Tunable dye lasers*’*° make it possible
to avoid limitation to several fixed excitation frequencies.
The signal/noise ratio is better in the case of cw lasers, but
tuning over a wide spectral interval is easier in the case of
pulsed lasers. The requirements are even more stringent in
the case of determination of the excitation spectra.

In experiments of this type a suitable light source is a
dye laser pumped by an argon or a krypton laser. In the case
of excitation in the region of vibronic transitions it is suffi-
cient to use powers of 1-10 mW when the line width is ~ 1
cm ~'. The output power from a laser should be kept con-
stant over the whole spectrum and should be stabilized in
time, which can be achieved by (for example) a feedback
loop controlling the current in the pump laser. Stabilization
of the output power by an electro-optic noise suppression
system is also possible.”® Accurate calibration of the wave-
length scale is ensured by recording reference lines of neon in
addition to the excitation spectrum with the aid of the opto-
galvanic effect.’
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When the fluorescence spectra are determined as a re-
sult of excitation inside the 0-0 band, bearing in mind the
intensity and small width of two electronic lines, it is fre-
quently necessary to deal with rapid deexcitation of reso-
nance centers and a corresponding reduction in the intensi-
ties of the lines in the course of the measurements. These
intensities can be restored by periodic wide-band illumina-
tion of a sample.*” A reduction in the excitation power den-
sity to 100 gW/cm?® is also sufficient in such measure-
ments.*’ In the case of irreversible de-excitation it is possible
to scan the excitation frequency in a narrow part of an inho-
mogeneous band. For example, if the line width is 0.5cm ™",
scanning of v, within 10 cm ™' reduces the degree of de-
excitation by a factor up to 20. If we assume that the inhomo-
geneous distribution function is represented by a smooth
curve, such changes have little influence on the nature of the
spectrum, but the necessary corrections should be made to
the frequency scale.

In the experiments involving spectral hole burning the
power required depends largely on the burning mechanism,
the system in question, line width, etc. It is important to limit
then the intensity ‘““‘dose” of the radiation so as to avoid satu-
ration effects. All these topics are discussed in detail in
Ref. 29.

Selectively excited spectra are usually determined at
liquid helium temperature (4.2 K) or in helium vapor (=5
K). For the majority of organic systems, including chloro-
phyll-like molecules, the zero-phonon lines in such spectra
disappear at temperatures above 40 K (Refs. 23 and 49).
Even lower temperatures are needed when use is made of the
hole burning method, which makes it possible to study ex-
tremely narrow purely electronic lines.

Typically the spectra of chlorophyll-like molecules are
recorded when the concentration of these molecules in a so-
lutionis ~ 10~° M. In the case of chlorophylls, which have a
magnesium atom at the center of the molecule, magnesium
monosolvates can be obtained in solvents such as diethyl
ether, triethylamine, or dimethylformamide; disolvates are
obtained using solvents such as pyridine, tetrahydrofuran,
and other strong electron donors. Hydrogen bonds with the
C = 0 groups of pigment molecules may form in alcohol so-
lutions.

3.2. Selective fluorescence and excitation spectra

The main fluorescence band of the principal photosyn-
thetic pigment chlorophyll-a (CL-a) in a frozen solution
kept at liquid helium temperature transforms into a quasi-
line spectrum under monochromatic excitation condi-
tions>** (Fig. 4). According to Sec. 2.1, all the observed
zero-phonon lines are the 0-0 pseudolines and the frequency
interval up to the exciting line can be used to determine the
frequencies of internal molecular (intramolecular) vibra-
tions w, in an excited state S, The background under the
lines is the result of summation of the phonon wings of all the
excited centers (excitation occurs at the zero-phonon lines
and in the wings). Nevertheless, some of the background
may be due to ““bad” centers in which the electron-phonon
interaction is for some reason (association or complexation)
enhanced. Moreover, line broadening and a reduction in
their intensity with temperature until the structure disap-
pears at T2 40 K has been observed.*
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In the case of some related compounds and derivatives
of chlorophyll (Fig. 5) the results are similar and sets of
vibrational frequencies have been determined. *34%°%>* Mea-
surements of this kind have also been made at other labora-
tories using both amorphous and polycrystalline matri-
c CS.54_56

Since for the majority of porphyrins one can find a suit-
able Shpol’skii matrix, selective spectroscopy has been ap-
plied to these molecules somewhat later. It is reported in

FIG. 5. Molecular structure of chlorophyll-a. The medium sized circles
denote carbon atoms and the smallest ones are hydrogens. In the case of
protochlorophyll (PCL) the #-electron system (dashed lines) includes
also the ring IV because there are no protons in this ring. In pheophytins
(PP) an atom of Mg is replaced with two protons coordinated with N,
and N, . In bacteriochlorophyll the ring II is reproduced by protons. Free
porphin is a tetrapyrrole skeleton without side groups.
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FIG. 4. Fluorescence spectra of chlorophyll-a in toluene
(C = 10~ *M) excited with laser lines 632.8 and 647.1 nm; T = 4.2
K (Ref. 53). The frequencies of vibrations of the S, state w, = v,
— v are given alongside the lines.

Ref. 57 that the method of selective laser excitation of por-
phin and its derivatives in polymer films was used to deter-
mine the polarization characteristics of the S, — 8, vibronic
transitions and to determine the types of their symmetry.
Selective excitation has also made it possible to obtain quasi-
line fluorescent spectra of the ionic forms of some biogenic
porphyrins.*®*® Studies have been made of the characteris-
tics of the spectra of metal porphyrins excited with mono-
chromatic light in the region of overlap of the S, —S, and S,
— 8, vibronic transitions.® In the case of protoporphyrin a
detailed study has been made of the dependence of the struc-
ture of the spectrum on the excitation frequency within the
limits of the inhomogeneous distribution function.®*

Relatively simple porphyrins can be studied also by the
method of recording fine-structure spectra when molecules
are cooled in supersonic jets.*

The vibrational structure of quasiline spectra of por-
phyrins is discussed in detail in a monograph of Solov’ev
et al.®?

Information on vibrational sublevels of the ground elec-
tronic state of molecules is frequently obtained by the meth-
od of Raman spectroscopy. In particular, this method has
been applied to porphyrins®® and chlorophylls. * It should be
pointed out that there is a close relationship between the
resonance Raman scattering and the vibronic absorption
and fluorescence spectra; in particular, the excitation pro-
files of the resonance scattering are obtained from the ab-
sorption spectra by the transformation analysis method.®>%

The vibrational frequencies of the ground electronic
state are manifested also in the fluorescence spectra as a re-
sult of selective excitation in the 0-0 band. However, in this
case serious difficulties occur because of burning a spectral
hole at the excitation frequency. Various methods for recon-
structing the initial inhomogeneous profile have been used to
obtained such spectra for CL-a, some of its derivatives, and
also porphyrins,*74%5758

In the case of the frequencies of the excited electronic
state S, , their complete set can be obtained using a series of
fixed excitation frequencies throughout the vibronic S, S,
absorption region. This method has been used to obtain ex-
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FIG. 6. Excitation spectrum of the fluorescence of chloro-
phyll-a in ether recorded selectively at 660 nm indicating
the vibrational frequencies.*® The lower part of the figure
shows the polarization spectrum in a methanol-ethanol
solvent; 7= 5 K.
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act values of w, for CL-a and six of its closest analogs.*® The
advantages of these spectra are the relative simplicity of the
method used to determine them, the high sensitivity (one
can use a solute in amounts of ~107'> M and an average
laser power 10 mW), and the feasibility of identification of
molecules on the basis of the characteristic multiplet of pseu-
dolines. On the other hand, the relative intensities of the
vibronic transitions, as well as their frequencies and polari-
zations for centers with a given frequency of a purely elec-
tronic transition, can be determined most directly from the
excitation spectra (Fig. 6). Narrow-line selective excitation
spectra have also been determined for a number of chloro-
phyll-like molecules.***°

These investigations have been carried out on chloro-
phyll in higher plants and its derivatives. On the other hand,
the primary processes of bacterial photosynthesis have been
investigated and understood much better (see Ref. 67 and
the literature cited there), compared with the two-system

Ag, N

photosynthesis in plants. The interest has therefore in-
creased in spectroscopic studies of bacteriochlorophyll
(BCL). The first high-resolution spectra of BCL were re-
ported recently.*”

Figure 7 shows selective fluorescence and excitation
spectra of the monosolvate form of BCL. We can see that the
spectra are characterized by a high contrast between the
lines and the background, which leads to the first conclusion
that protonation of the second pyrrole ring does not increase
the electron-phonon interaction compared with that
in CL-a.

3.3. Analysis of the structure of the spectra

Since the first satisfactory theoretical interpretation of
the vibrational spectra of metal complexes of porphin, ® con-
siderable progress has been made in semiempirical calcula-
tions of vibrations of porphyrins on the basis of the experi-
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FIG. 7. Selective excitation spectrum (on the
left) and fluorescence spectrum (on the right in
the inset) of bacteriochlorophyll in triethyla-
mine; T=5 K.

=703,2 nm

%0 770

| L i i

.
780 790 Ilf-, nm

720 740 760 Aq, M

231 Sov. Phys. Usp. 31 (3), March 1988

R. A. Avarmaa and K. K. Rebane 231



mental spectra.®® These results demonstrate that the

vibrations in such a large w-electron system are usually
weakly coupled to the individual structure elements of the
molecule. On the other hand, although in the case of some
simple porphyrins the form of the normal vibrations has
been determined, this has not yet been done quantitatively
for chlorophyll and its analogs. A vibrational analysis has
been based mainly on a comparison of similar derivatives
with one another and with appropriate porphyrins.

The total number of normal vibrations of the chloro-
phyll molecule exceeds 400, but the majority of the peri-
pheral groups does not interact with optical 7-electron tran-
sitions, which are localized in the tetrapyrrole ring.
Therefore, the qualitative similarity with the vibronic struc-
ture of the spectra of porphyrins is fully expected. In view of
the low symmetry, there are no rigorous selection rules gov-
erning the appearance of vibrations in the spectra: all the
vibrations are totally symmetric (no motion of atoms can
disturb the symmetry, because there is no symmetry). How-
ever, it is reasonable to begin with the symmetry approxima-
tions, in particular the polarization of vibronic transitions
may differ from that for purely electronic lines, if in accor-
dance with the approximate symmetry the corresponding
vibrations are not totally symmetric. More rigorously, the
difference between the polarizations of the individual lines is
evidence that the angle between the moments of the observed
transitions differs from zero.

In fact, in the case of the S; — S, excitation spectrum of
CL-a all the lines and the background are polarized parallel
to a purely electronic transition (see Fig. 6). The spectra of
protochlorophyll (PCL) and pheophytin-a (PP-a) include
some negatively polarized lines,®® in agreement with the ex-
istence of more definite symmetry elements in the case of
these molecules. Wide polarization minima are clearly visi-
ble in the excitation spectra of CL-a and PCL.The contrast
with the superimposed positively polarized lines makes it
possible to attribute them to the second electronic transition
S, «S,. This confirms the smallness of the S,-S, splitting,
which amounts to AE,; ~800 cm ' for CL-z and ~400
cm ! for PCL, discussed on many previous occasions.”’!
The degree of polarization at the minima shows that the an-
gle between the moments of the electronic transitions to the
states S, and S, amounts to about 60° for CL-a and is some-
what larger for PCL, in agreement with the higher approxi-
mate symmetry of the latter.

The spectra of S; — S, vibronic transitions consist of a
series of strong lines typical of specific molecules. For exam-
ple, in the case of all the chlorophylls and pheophytins there
is a strong line near 560—-570 cm ~ ' and it can be attributed to
the presence of a cyclopentane ring, because it is absent in
the case of porphyrins. Very characteristic vibronic lines
near 750 cm ~ ! are exhibited by all tetrapyrrole compounds
and these are associated with vibrations of the C~C-N and
C-N-C types.®* A line at 980 cm ~' is sensitive to small
changes of the molecular structure: it is very strong in the
spectrum of CL-a, much weaker in the case of PP-a, and
frequency-shifted in the case of other compounds. Clearly,
this frequency corresponds to the pyrrole C-C vibrations the
activity of which changes because of a redistribution of the
m-electron density in the course of complexation with a met-
al.

Near 1250 cm ~' there are several vibrations with dif-
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ferent approximate symmetries and these can be attributed
to C-N-H vibrations in porphyrins. At higher frequencies
(1320-1360 and 15101550 cm~"') the vibrations are main-
ly of the skeletal type, which are not very sensitive to small
changes in the molecular structure.

Vibrations sensitive to solvation are of special interest
because chlorophyll in photosynthetic units exhibits specific
interactions with the lipoprotein environment via coordina-
tion and hydrogen bonds. Solvates with one or two extra
ligands of the central magnesium atoms exhibit the follow-
ing characteristic features: in the case of PCL there is a ,

= 1208 cm ~ ! vibration in disolvates and the frequency shift

is 330 cm ~ ', whereas in the case of CL-a there are frequen-
cies 570, 600, 880, 910, and 1005 cm ! in the spectrum of
monosolvates, 590 and 615 cm ~! in the case of disolvates,
and a peak at 984 cm ' becomes weaker on transition to
disolvates. All these vibrations should involve the central
part of the molecule and provide information on its interac-
tion with the surrounding matrix.

4. OPTICAL BURNING OF SPECTRAL HOLES

4.1. Photochemical processes

Inselective fluorescence spectroscopy the excited mole-
cules either emit light or return nonradiatively to the initial
state, so that there is no change in the steady-state inhomo-
geneous distribution function. However, some fraction of
the excited centers may exhibit changes in the molecular
structure or its environment, and may have a slightly differ-
ent unexcited state. At the end of the excitation process this
fraction of molecules absorbs at the shifted frequency of the
electronic transition, whereas at the frequency of the excit-
ing laser line a hole or a dip appears in the inhomogeneous
distribution function and this hole is usually a long-lived
residue of selective excitation. In the case of monochromatic
illumination of an inhomogeneous system the absorption via
a purely electronic resonance line creates a very narrow hole
(with the minimum width 2T") at the excitation frequency.

One of the principal classes of the processes responsible
for hole burning is represented by low-temperature photo-
chemical transformations.?”* In the case of porphyrins it
has been found that the components of the Shpol’skii spec-
trum exhibit mutual transformation and this is attributed to
tautomeric photochemistry.” The same mechanism was in-
voked in the first study of photochemical hole burning in the
case of phthalocyanine molecules?” and also in the case of
porphin in n-alkane matrices.” The tautomers of these mol-
ecules are almost equivalent and the shifts of the frequencies
of purely electronic lines are small (~100 cm ~'). In the
case of H, -chlorin (dihydroporphin), in which one pyrrole,
ring is protonated, the frequency of the S, S, transition due
to rotation of the central NH bonds is shifted by 1500 cm !
(Ref. 74). Manifestations of inequivalent NH isomers can
be expected also in the case of pheophytins. In fact, hole
burning in the main band of PP-a near 670 nm gives rise to a
new fluorescence band at 650 nm (Ref. 75). A moderate
shift by Avy, =~ 500 cm ~ ' is explained by the partly compen-
sated influence of the rings IV and V (Fig. 8). The isomeric
form of PP-a is stable in darkness at 4.2 K, but very photola-
bile: the efficiency of its photodissociation is two orders of
magnitude higher than the quantum yield of the process,
which amounts to 10 ~>. Figure 8 shows the potential curves
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FIG. 8. Structural formula of pheophytin-a showing rotation of NH
bonds (a) and schematic representation of corresponding potential
curves (b).
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of the configurational coordinate of the tautomeric NH vi-
bration. The height of the potential barrier AE in the case of
the ground electronic state can be estimated from the tem-
perature dependence of the thermal decomposition of the
photoproduct. The initial parts of the dissociation curves
give AE = 50 cm ~'. The nonexponential nature of the disso-
ciation indicates that the barrier heights AE are subject to a
considerable scatter because of the inhomogeneous interac-
tion with the solvent molecules. A similar phototautomeri-
zation has been observed also in the case of PP-b. Recently,
NH tautomers have been identified also in the case of some
porphyrins with an isocycle and their dimers.”

Little is known so far about the details of the photo-
transformation mechanism. The method of optical detection
of magnetic resonances has been used to establish that there
are no proton jumps, at least from the zeroth vibrational
sublevel of the triplet state T, both in the case of porphin”’
and in some bioporphyrins.”® It is most natural to assume
that the process is completed in the course of vibrational
relaxation, i.e., relaxation from a “hot” state assisted by vi-
bronic mixing of singlet and triplet states.

Photochemical spectral hole burning has been used to
determine the rates of vibrational relaxation in an excited
electronic state. Phase relaxation due to the electron-phonon
coupling slows down as a result of cooling so that the corre-
sponding modulation broadening does not exceed 1 cm ~ ' at

70 0 70pv,cm™!
T T

temperatures 7' <5 K. Therefore, the homogeneous width
I'. of vibronic levels is governed primarily by the energy
relaxation rate and these two quantities are related by the
indeterminacy principle.

The values of I', have been determined by the hole
burning method in the case of phthalocyanine?® and por-
phin’® in Shpol’skil matrices. Homogeneous widths of indi-
vidual vibronic levels in systems with a strong inhomogen-
eous broadening can be found by recording first the selective
excitation spectrum and then inducing hole burning at the
position of a vibronic line.®® The difference between these
two spectra gives the required homogeneous profile (Fig. 9).
This method has been used to find the values of ', and the
corresponding relaxation times for the majority of vibronic-
active vibrations of the PP-a molecule in the S, state.** The
vibrational relaxation times have been found to be within the
range 1-7 ps, i.e., of the same order—on the average—as
those reported for porphin.” There is a general trend for an
increase in the rate of relaxation on increase in the vibration
frequency, which is due to the appearance of additional
channels for decay to other vibrational states.

4.2. Burning by saturation of transitions

Formation of saturation dips or holes is well known
from the spectroscopy of free atoms and molecules.®! In the

-

FIG. 9. Photochemical holes formed at vibronic lines in the excitation
spectrum of pheophytin-a in ether at 5 K, A, = 665 nm (Ref. 80). The
difference profiles are approximated by Lorentzians (continuous curve)
of width 1.6 cm ' (a) and 9.8 cm ' (b).
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FIG. 10. Resonance metastable hole together with the phonon wing in the
fluorescence spectrum of protochlorophyll in an ether-butanol matrix at
T=5K (Ref. 90). Curves | and 2 were obtained using a delay of 15 ms
between the moments of recording; 3) difference between curves 1 and 2
but shown on a larger scale.

case of solids the direct saturation of optical transitions by
various competing relaxation processes is difficult. How-
ever, saturation is achieved much more readily in a three-
level system. A simple estimate shows that even low-power
( ~10 mW) laser excitation via a strong singlet-singlet tran-
sition can create a perceptible population of the triplet state
(71 ~1073-10"25) of complex molecules. The absorption
via a narrow zero-phonon line results in the formation of a
metastable hole in an inhomogeneous band because of filling
of such a triplet reservoir.

The first attempt to observe a hole characterized by sat-
uration of the triplet level has confirmed the effect, but the
holes have remained wide because the CL-a molecules have
been excited via vibronic levels of the S,-S, transition.
Further improvements in the method made it possible to
observe resonance dips in the case of purely electronic transi-
tions in PCL, CL-q, etc.®® The difference spectrum reveals
clearly a purely electronic line with an instrumental width of
0.3cm ™! and its pseudowing (Fig. 10). The kinetics of burn-
ing and filling of a hole is in good agreement with the decay
parameters of the T, state (7 =5 ms). Metastable holes in
the spectra of Zn porphin dissolved in n-octane® and of Zn
tetrabenzoporphin in a polymer matrix®* have been observed
in a similar manner.

Saturation of the triplet reservoir must definitely be al-
lowed for in photochemical hole burning as a possible cause
of the broadening limiting the excitation density used in the
hole burning procedure, %886

In spite of these difficulties, the use of a high-power
pulsed dye laser has made it possible to observe holes also for
the direct S,-S, saturation of perylene impurity molecules
in benzophenone and in n-hexane.®’
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4.3. Nonphotochemical transformation of centers

Burning of holes in the spectra of molecules regarded as
photochemically stable has been observed in glassy matri-
ces.?®%8 Therefore, a mechanism has been suggested for the
so-called nonphotochemical spectral-hole burning ®® repre-
senting photostimulated transformation of centers in a
metastable system of two-well potentials. The photoreaction
clearly alters the local forces of the interaction between the
impurity and the matrix, but detailed data on its mechanism
at microscopic level are still lacking. A sign of nonphotoche-
mical hole burning is that the shift of the frequency of the 0-
Otransition Avy, of the photoproduct does not go beyond the
limits of the initial inhomogeneous distribution function.

In the case of chlorophylls (which do not have central
protons responsible for the photochemistry in the case of
pheophytins), hole burning because of the presence of a trip-
let reservoir as well as slower nonphotochemical burning
processes have been observed.®® The stability of the holes in
darkness has made it possible to determine the homogeneous
width of a purely electronic line of CL-a at 7= 1.8 K: the
value obtained in Ref. 90 is I"; <0.005 cm ~ '. This is just one
order of magnitude greater than the width governed by ra-
diative decay and it includes a contribution of the electron-
phonon broadening, which could be frozen out only at much
lower temperatures.

It has been possible also to obtain information on the
essence of the burning mechanism, which is the recovery.®!
Firstly, it has been found that the frequencies of the burnt-
out centers are distributed uniformly over the whole inho-
mogeneous profile proportionally to the initial inhomogen-
eous distribution function (Fig. 11). Secondly,
irreversibility of the thermal filling of a hole as a result of
cyclic variation of temperature has shown that for each cen-
ter there are many matrix-molecule configurations covering
on the energy scale an interval in excess of 100 cm . Clear-
ly, the model of two-well potentials is inapplicable to sys-
tems of this kind: each molecule has access to a large number
of potential wells. Recent nonphotochemical spectral hole
burning in the case of CL-a in polystyrene®® has revealed that
the holes are clearly broadened because of saturation or in-
sufficient resolution and the temperature dependences ob-
tained are not fully reliable.

The photoburning of spectral holes is being used also to
determine homogeneous spectral profiles, including the
phonon wing. In the study reported in Ref. 87 use has been
made of the fact that saturation of the S,-S, transition for a
purely electronic line occurs (on the intensity scale) several
orders of magnitude earlier than in the case of the phonon
wing. Homogeneous profiles and inhomogeneous distribu-
tion functions of perylene have been obtained for two matri-
ces.

Combination of the methods of selective excitation and
hole burning has made it possible to develop a new fine and
experimentally simple method for the determination of ho-
mogeneous spectra and inhomogeneous distribution func-
tions.** Once again use is made of the enormous difference
between the peak intensities of purely electronic lines and of
the phonon wing, which justifies the neglect of burning-out
in the wings during the stage of saturation of a resonance
hole. Strictly speaking, the pseudowing which then appears
in the absorption spectrum is of intensity comparable with
the real wing, but it can be eliminated by subsequent selec-
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FIG. 11. Transformation of the excitation spec-
trum of the fluorescence of chlorophyll-a in an
ether-butanol matrix as a result of irradiation with
2 676.4 nm laser line (200 mW/cm?)*! for periods
of 30's (1), S min (2), and 30 min (3). Curve 4
represents the initial spectrum. The profile of a hole
is shown separately with a high resolution.

660 670 680

tive excitation. The whole procedure is as follows: fluores-
cence spectra recorded twice using monochromatic excita-
tion so weak that hole burning during measurements can be
ignored, whereas between these two measurements a hole is
burned at the same frequency v, . The difference between the
two spectra obtained in this way yields the homogeneous
fluorescence spectrum for impurities with a purely elec-
tronic line at a frequency v, , with the exception of the profile
of the resonance line itself. One can similarly derive a homo-
geneous absorption spectrum using the difference between
selective excitation spectra recorded employing intermedi-
ate hole burning at the recording frequency. The inhomo-
geneous distribution function can be calculated if we
determine additionally the inhomogeneous spectrum (of
fluorescence or absorption), which mathematically speak-
ingis a convolution of the corresponding homogeneous spec-
trum and the inhomogeneous distribution function. A con-
venient deconvolution algorithm given in Ref. 44 can be used
to find the inhomogeneous distribution function from such a
convolution.

This method has been used to determine the required
characteristics of PCL impurity molecules®* for ten values of
v,.. Figure 12 shows an example of homogeneous spectra
obtained at one of the selected frequencies. We can see that
in the case of the coupled S, «>S, transitions the absorption
and fluorescence spectra no longer exhibit the mirror sym-
metry”’ expected on the basis of the basic model of an impu-
rity center.'® We can suggest several mechanisms capable of
inducing such asymmetry: deviation from the Condon ap-
proximation, mixing of normal coordinates (equivalent to a
change in the force constants in the local pattern) as a result
of an electronic transition, and nonadiabatic interaction. In
this case the important contribution is made by the nonadia-
baticity due to a small S,-S, splitting, which may be accom-
panied also by a deviation from the Condon approximation.
The perturbing role of the S, state is supported also by the
dependence® of the profile of the absorption wing on the
frequency v, (thisistrue, for example, of the values labeled 1
and 2 in Fig. 12b), because the S,-S, splitting also depends

235 Sov. Phys. Usp. 31 (3), March 1988

i P e

on Av (Ref. 69). The inhomogeneous distribution functions
obtained for this system represent smooth and slightly asym-
metric curves with a half-width of 176 cm ~".

It should also be mentioned that if the inhomogeneity
includes not only the shift of the electronic transition fre-
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FIG. 12. Homogeneous phonon wings together with low-frequency vibra-
tional replicas (a) for v, = 15 782 cm ~ ' in the fluorescence (¢ /v*) and
absorption (x) spectra of PCL impurity molecules in ether-butanol glass
(T = 5K) and calculated inhomogeneous distribution function (b).%*
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quency, but also variations of the electronic-vibrational in-
teraction, the resultant spectra are averaged over such char-
acteristics as the Debye-Waller factor and the structure of
the wing in the case of centers characterized by a given fre-
quency of a purely electronic line. In fact, repeated hole
burning at different frequencies has made it possible to re-
veal the latent structure of similar averaged phonon wings in
the spectrum of Zn tetraphenylporphin.®*

5. HIGH-RESOLUTION SPECTRA OF REAL AND MODEL
SYSTEMS

In view of the importance of studies of primary photo-
synthetic processes, the application of selective spectroscopy
methods to ever more complex (including native) objects is
attracting considerable interest. Much attention has recent-
ly been given to model systems, such as dimers, pigment-
protein complexes, etc.

Selective spectra of synthetic isobacteriochlorin have
been investigated®® and used to determine ways of biosynthe-
sizing vitamin B,,. The excitation and fluorescence spectra
have been used to determine the frequencies of vibrations in
the S, state in the interval 400-820 cm ~ .

Selective laser excitation has yielded fine-structure flu-
orescence spectra of metal-free cytochrome C representing a
complex of porphyrin with a polypeptide chain.®® Multiline
spectra, similar to those observed in the case of chlorophyll
(Fig. 4), were recorded for a glassy matrix at 4.2 K. A simi-
lar interpretation of the structure of the spectra was based on
the model of inhomogeneous broadening (¢ =200 cm ~ H.
In the case of CL-b, introduced into membranes of lecithin
vesicles, the structure of selectively excited spectra is less
clear.”

Investigations of selective spectra of model pigment-
protein complexes of tetraphenylporphin with phenylalan-
ine in ortho- and paraforms and of pheophorbide with a po-
lytripeptide chain were begun recently.’® In particular, it has
been shown that the width of the inhomogeneous distribu-
tion function and the position of its maximum are very sensi-
tive to the nature of the substituent: in the case of a polypep-
tide complex of pheophorbide the function in question is
shifted by 150 cm ~' toward longer wavelengths and it is
broadened by 200 cm ~ ' compared with a free pigment.

Promising results have been obtained by applying the
method of optical burning of spectral holes to native sys-
tems. In the case of chlorella cells (at 4.2 K) the spectrum
exhibits holes®'® attributed to phototransformation of the
reaction centers of the photosystem I (P700). The width of a
hole (after allowing for the instrumental function) yields an
estimate of the relaxation time of the excited state in a reac-
tion center, amounting to 7~ 50 ps. The duration of the pri-
mary photoprocesses 7 ~4 ps in the photosystem I has been
determined similarly.''

The hole burning method has also been employed in a
study of native pigment-protein complexes of blue-green and
red algae (phycobilins),'®* the chromophores of which con-
sist of noncyclic (linear) tetrapyrrole molecules. Hole for-
mation is due to reversible proton transfer. The large width
of the holes (> 1 cm ™' at 1.8 K) has not yet been adequately
explained.

In the case of green plants, where the bulk of chloro-
phyll is in the form of what is known as a light-gathering
antenna, attempts to apply selective spectroscopy methods
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have not been successful. Several possible explanations have
been proposed to account for the absence of a line structure
in the fluorescence spectra of green leaves subjected to mo-
nochromatic excitation, including the loss of selectivity be-
cause of fast energy migration.'®® On the basis of papers cited
above *7'? the pigment-protein and pigment-pigment inter-
actions should not necessarily destroy zero-phonon lines in
low-temperature spectra of chromophores, so that energy
transfer is the most probable reason for the loss of selectivity
by such systems. A theoretical analysis of selective spectros-
copy under energy transfer conditions was given in Sec. 2.2.
A fall of the relative intensity of zero-phonon lines in the
spectra of inhomogeneous systems because of the transfer of
electronic excitations can be illustrated by the excitation
spectra of the fluorescence of CL-a@ present in two concentra-
tions differing by more than two orders of magnitude (Fig.
13).* In the case of the concentration C = 6 X 107> M the
value of the transfer parameter is p, = 237, ',so that there is
no line structure at all at the center of an inhomogeneous
band, but at the short-wavelength edge of the band (this was
why the wavelength was selected to be 659.9 nm) there is
only a moderate reduction in the intensity of the vibronic
lines relative to the background, in good agreement with the
conclusions reached in Sec. 2.2. In real photosynthetic sys-
tems the concentration of chlorophyll should reach 10 ~'M,
so that the absence of lines in their spectra is fully expected.
Naturally, this does not exclude the possibility that in some
parts (for example, reaction centers) of chloroplasts the
conditions are more favorable for the observation of zero-
phonon lines.

The hypothesis of the decisive role of the rate of energy
transfer in the loss of excitation selectivity by photosynthetic
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FIG. 13. Excitation spectra of the fluorescence of chlorophyll-a in triethy-
lamine with concentrations C = 2% 107 °M (a) and 6 10 ~*M (b) re-
corded at the short-wavelength edge of the 0-0 band.*®
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systems is supported by experiments on etiolated (grown in
darkness) leaves and turning leaves green.'® The concentra-
tion of pigments in these leaves is so low that energy transfer
can be, to some extent, neglected. Etiolated sheets initially
have two forms of protochlorophyllide P630 (inactive) and
P650 (photoactive). In the case of the fluorescence spec-
trum of the inactive form, representing an inhomogeneous
assembly of monomer molecules of protochlorophyllide, se-
lective laser excitation at T = 5 K produces a typical pseudo-
line structure and the vibrational frequencies of the S, state
are close to those observed for PCL in solutions. A similar
structure is observed in the selective excitation spectrum.
However, in the case of the band due to the photoactive form
P650 there is no line structure as a result of excitation of its
vibronic transitions, which may be attributed to a strong
exchange interaction in this aggregated pigment-protein
complex. However, in the case of excitation in the 0—0 band,
when the influence of vibrations of the vibronic exciton type
is suppressed, it has been possible to obtain the line structure
in the fluorescence spectrum of P650 using the vibrational
replicas of the §,-S, transition.'®*

During the initial stage of illumination at physiological
temperatures the photoactive form P650 is converted into
chlorophyllide, which after passing through several inter-
mediate forms, is converted into chlorophyll. The excitation
spectrum of the band of the newly formed chlorophyllide
also has a line vibronic structure '™ if the spectrum is record-
ed at the short-wavelength edge of the fluorescence band
(Fig. 14). After a shift of the recording frequency v, of the
fluorescence toward longer wavelengths or after prolonged
illumination in the case of pigment accumulation the struc-
ture of the spectrum disappears, in good agreement with the
conclusions reached on the influence of the energy transport
process on the intensity of zero-phonon lines in inhomogen-
eous systems (Sec. 2.2).

1245
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In the case of the 0-0 band of the photoactive form of
etiolated leaves it has been possible to burn narrow holes (of
width 6v<0.3 cm ' at 5 K)."” Second burning at similar
frequencies (Fig. 15) shows that there is no significant fill-
ing of the *“old” holes when new ones are formed. This is
evidence in support of the photochemical mechanism of
spectral hole formation, which is probably associated with
the accumulation of a nonfluorescing intermediate product
of chlorophyllide because further thermal reactions stop at
such a low temperature, in agreement with nonselective
measurements.'” Fairly deep holes (Fig. 15) are formed in-
dicating a weak electron-phonon coupling (comparable
with that in solid solutions of chlorophyll molecules) in the
case of this complex, which is a dimer or tetramer of pro-
tochlorophyllide attached to large protein particles. A high
intensity of a purely electronic line (manifested in the form
of a resonance hole) demonstrates the rigidity of the envi-
ronment of the chromophore. A study of the temperature
dependence of the width of a hole can provide valuable infor-
mation on the nature of the polypeptide matrix: in glassy
media this dependence is very strikingly different from that
for crystals.”

Very recently attempts have been made to burn a hole in
the absorption band of the reaction centers of bacterial pho-
tosynthesis. In two investigations'"'% involving laser exci-
tation in the band of the P870 reaction centers of purple
bacteria R. Sphaeroides (T = 1.5 K) reversible attenuation
of this band has been induced without formation of narrow
holes. The authors of these papers considered possible rea-
sons for such a large width of the “holes” (200400 cm™"),
not excluding the possibility that this is the homogeneous
width due to ultrafast processes (7 < 10~ '*s) of charge sep-
aration in the reaction centers. However, it has been report-
ed recently'!® that a narrow hole (6v=5 cm™') can be
formed in the same system at 7= 4.2 K. Its width can be

Ap=6740m
o FIG. 14. Spectra of a leaf turning green of barley at
|y T=5 K (Ref. 104): a) fluorescence excited at
° 514.5 nm ™ b) excitation spectrum of this fluores-
Y cence for A; = 674 nm.
3
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FIG. 15. Excitation spectra of an etiolated leaf be-
fore (1) and after (2) burning of a spectral hole by
a laser at a wavelength 649.05 nm (a) and second

a burning of holes in the sequence from 1 to 4 (b).'%*
i I ] l 1 L J ! 1 } !
660 650 6§40 630 620 610
A,nm
2 7
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used to obtain a more reasonable estimate of the electron
transfer time 7 = 1.4 4+ 0.7 ps (see Ref. 67). Clear contra-
dictions between the results of earlier investigations demon-
strate the need to continue these experiments using selective
spectroscopy methods and also careful analysis of the re-
sults.

6. CONCLUSIONS

The methods of selective laser spectroscopy have been
used for a decade to study electronic-vibrational spectra of
photosynthetic pigments. This has made it possible to solve
the problem of interpretation of the structure and to accu-
mulate large amounts of spectroscopic data. It is now rea-
sonable to expect further applications of these methods in
biophysics, photochemistry, etc. The first examples of selec-
tive spectra and hole burning in the case of pigment-protein
complexes and chlorophyll in situ have already been dis-
cussed above.

We shall conclude by mentioning some reviews on re-
lated subjects of selective spectroscopy,''® hole burn-
ing,?11-113 gpectroscopy of chlorophyll,’'® and zero-
phonon lines.3!!3

UThe width of the lines in such spectra is usually 1-10 cm ~ ' at tempera-
tures from 4.2 to 77 K.

Y The apparent symmetry of the selective spectra (see Sec. 2.1) is already
eliminated.

E. V. Shpol’skii, A. A. II'ina, and L. A. Klimova, Dokl. Akad. Nauk
SSSR 87, 935 (1952).

2F. F. Litvin and R. 1. Personov, Dokl. Akad. Nauk SSSR 136, 798
(1961) [Sov. Phys. Dokl. 6, 134 (1961)].

238 Sov. Phys. Usp. 31 (3), March 1988

*G. P. Gurinovich, A. N. Sevchenko, and K. N. Solov’ev, Spectroscopy
of Chlorophyll and Related Compounds [in Russian]}, Nauka i Tekh-
nika, Minsk (1968).

*F. F. Litvin, R. L. Personov, and O. N. Korotaev, Dokl. Akad. Nauk
SSSR 188, 1169 (1969) [Dokl. Biophys. 188, 118 (1969)].

’R. Avarmaa and K. Rebane, Izv. Akad. Nauk Est. SSR Fiz. Mat. 22,
108 (1973).

°K. K. Rebane and V. V. Khizhnyakov, Opt. Spektrosk. 14, 362, 491
(1963) [Opt. Spectrosc. (USSR) 14, 193, 262 (1963)].

"M. A. Krivoglaz and S. L. Pekar, Tr. Inst. Fiz. Akad. Nauk Ukr. SSR
No. 4, 37 (1953).

8E. D. Trifonov, Dokl. Akad. Nauk SSSR 147, 826 (1962) [Sov. Phys.
Dokl. 7, 110 (1963)].

°M. A. Krivoglaz, Fiz. Tverd. Tela (Leningrad) 6, 1707 (1964) [Sov.
Phys. Solid State 6, 1340 (1964)].

'%K. K. Rebane, Impurity Spectra of Solids: Elementary Theory of Vibra-
tional Structure, Plenum Press, N.Y., 1970 [Russ. original, Nauka, M.,
1968].

"K. Rebane, P. Saari, and T. Tamm, Izv. Akad. Nauk Est. SSR Fiz. Mat.
19, 251 (1970). ,

I2R. 1. Personov, L. S. Osad’ko, E. D. Godyaev, and E. I. Al’shitz, Fiz.
Tverd. Tela (Leningrad) 13, 2653 (1971) [Sov. Phys. Solid State 13,
2224 (1972)].

BE. I. Al’shitz, E. D. Godyaev, and R. I. Personov, Izv. Akad. Nauk
SSSR Ser. Fiz. 36, 1117 (1972) [Bull. Acad. Sci. USSR Phys. Ser. 36,
1004 (1972)1; Fiz. Tverd. Tela (Leningrad) 14, 1605 (1972) [Sov.
Phys. Solid State 14, 1385 (1972)].

“M. N. Sapozhnikov, Fiz. Tverd. Tela (Leningrad) 15, 3160 (1973)
[Sov. Phys. Solid State 15, 2111 (1974)].

*D. E. McCumber and M. D. Sturge, J. Appl. Phys. 34, 1682 (1963).

'pD. B. Fitchen, R. H. Silsbee, T. A. Fulton, and E. L. Wolf, Phys. Rev.
Lett. 11, 275 (1963).

E. F. Gross, S. A. Permogorov, and B. S. Razbirin, Dokl. Akad. Nauk
SSSR 154, 1306 (1964) [Sov. Phys. Dokl. 9, 164 (1964)].

'*Molecular O; and S;” Luminescence Centers in Alkali Halide Crystals
(Special Volume), Tr. Inst. Fiz. Astron. Akad. Nauk Est. SSR 37
(1968).

®G. M. Svishchev, Opt. Spektrosk. 16, 174 (1964) [Opt. Spectrosc.
(USSR) 16, 96 (1964)].

Yy, V. Denisov and V. A. Kizel’, Opt. Spektrosk. 23, 472 (1967) [Opt.
Spectrosc. (USSR) 23, 251 (1967)].

2'L. A. Riseberg, Phys. Rev. Lett. 28, 786 (1972).

R. A. Avarmaa and K. K. Rebane 238




22 A. Szabo, Phys. Rev. Lett. 25, 924 (1970).

BR. 1. Personov, E. I. Al’shitz, L. A. Bykovskaya, and B. M. Kharlamov,
Zh. Eksp. Teor. Fiz. 65, 1825 (1973) [Sov. Phys. JETP 38, 912
(1974)1; R. L. Personov, E. I. Al'shitz, and L. A. Bykovskaya, Pis’'ma
Zh. Eksp. Teor. Fiz. 15, 609 (1972) [JETP Lett. 15, 431 (1972)].

2*R. Avarmaa, Izv. Akad. Nauk Est. SSR Fiz. Mat. 23, 93 (1974).

2’R. Avarmaa, Izv. Akad. Nauk Est. SSR Fiz. Mat. 23, 238 (1974).

26K. K. Rebane, R. A. Avarmaa, and A. A. Gorokhovskii, Izv. Akad.
Nauk SSSR Ser. Fiz. 39, 1793 (1975) [Bull. Acad. Sci. USSR Phys. Ser.
39(9),8 (1975)].

YA. A. Gorokhovskii, R. K. Kaarli, and L. A. Rebane, Pis’ma Zh. Eksp.
Teor. Fiz. 20, 474 (1974) [JETP Lett. 20,216 (1974)].

#B. M. Kharlamov, R. I. Personov, and L. A. Bykovskaya, Opt. Com-
mun. 12, 191 (1974).

2°L. A. Rebane, A. A. Gorokhovskii, and J. V. Kikas, Appl. Phys. B 29,
235 (1982).

1. 8. Osad’ko, Usp. Fiz. Nauk 128, 31 (1979) [Sov. Phys. Usp. 22, 311
(1979)].

>'A. M. Stoneham, Rev. Mod. Phys. 41, 82 (1969).

2A. M. Freiberg and L. A. Rebane, Fiz. Tverd. Tela (Leningrad) 16,
2626 (1974) [Sov. Phys. Solid State 16, 1704 (1975)].

K. K. Rebane, Zh. Prikl. Spektrosk. 37, 906 (1982) [J. Appl. Spec-
trosc. 37, 1346 (1982)].

*T. Kushida and E. Takushi, Phys. Rev. B 12, 824 (1975).

E. 1. Al’shitz, R. I. Personov, and V. L. Stogov, Izv. Akad. Nauk SSSR
Ser. Fiz. 39, 1918 (1975) [Bull. Acad. Sci. USSR Phys. Ser. 39(9), 119
(1975)].

*J. Kikas, Chem. Phys. Lett. 57, 511 (1978).

YM. N. Sapozhnikov, Dokl. Akad. Nauk SSSR 287, 839 (1986) [Sov.
Phys. Dokl. 31, 323 (1986)].

*R. Avarmaa, R. Jaaniso, K. Mauring, I. Renge, and R. Tamkivi, Mol.
Phys. 57, 605 (1986).

¥P. M. Saari and T. B. Tamm, Izv. Akad. Nauk SSSR Ser. Fiz. 39, 2321
(1975) [Bull. Acad. Sci. USSR Phys. Ser. 39(11), 80 (1975)].

“OF. I. Al'shitz, R. I. Personov, and B. M. Kharlamov, Opt. Spektrosk.
41, 803 (1976) [Opt. Spectrosc. (USSR) 41, 474 (1976)].

“'A. A. Gorokhovskii (Gorokhovski) and Ya. (J.) Kikas, Opt. Com-
mun. 21, 272 (1977). .

“T. B. Tamm, Ya. V. Kikas, and A.E. Sirk, Zh. Prikl. Spektrosk. 24, 315
(1976) [J. Appl. Spectrosc. 24, 218 (1976)].

“3Ya. Kikas, Izv. Akad. Nauk Est. SSR Fiz. Mat. 25, 374 (1976); 28, 73
(1979).

“R. Yaniso, Izvk. Akad. Nauk Est. SSR Fiz. Mat. 34, 277 (1985).

%1, Yu. Tekhver, Preprint No. F-5 [in Russian}, Academy of Sciences of
the Estonian SSR, Tartu (1977).

Y. M. Agranovich and M. D. Talanin, Transfer of the Electron Excita-
tion Energy in Condensed Media [in Russian], Nauka, Moscow
(1978).

“7L. A. Bykovskaya, F. F. Litvin, R. L. Personov, and Yu. V. Roman-
ovskil, Biofizika 25, 13 (1980) [Biophys. USSR 25, 8 (1980)].

*R. Avarmaa, R. Tamkivi, S. Kiisler, and V. Nymm, Izv. Akad. Nauk
Est. SSR Fiz. Mat. 29, 39 (1980).

“K. K. Rebane and R. A. Avarmaa, Chem. Phys. 68, 191 (1982).

R. Avarmaa and L. Renge, Izv. Akad. Nauk Est. SSR Fiz. Mat. 35, 432
(1986).

SIR. Avarmaa and A. Suisalu, Izv. Akad. Nauk Est. SSR Fiz. Mat. 33,
333 (1984).

*2R. Avarmaa and K. Rebane, Studia Biophys. 48, 209 (1975).

*R. A. Avarmaa and K. Kh. Mauring, Zh. Prikl. Spektrosk. 28, 658
(1978) {J. Appl. Spectrosc. 28, 448 (1978)].

*J. Fiinfschilling and D. F. Williams, Photochem. Photobiol. 22, 151
(1975); 26, 109 (1977).

*R.J. Platenkamp, H. J. den Blanken, and A. J. Hoff, Chem. Phys. Lett.
76, 35 (1980).

¢J. Hala, 1. Pelant, L. Parma, and K. Vacek, J. Lumin. 24-25, 803
(1981);26, 117 (1981).

*7L. A. Bykovskaya, A. T. Gradyushko, R. I. Personov, Yu. V. Roman-
ovskii, K. N. Solov’ev, A. S. Starukhin, and A. M. Shul’'ga, Zh. Prikl.
Spektrosk. 29, 1088 (1978) {J. Appl. Spectrosc. 29, 1510 (1978)].

**Yu. V. Romanovskii, L. A. Bykovskaya, and R. 1. Personov, Biofizika
26, 621 (1981) [Biophys. USSR 26, 631 (1981)].

%*Yu. V. Romanovskii, Izv. Akad. Nauk Est. SSR Fiz. Mat. 31, 139
(1982).

%K. N. Solov’ev, I. V. Stanishevskii, A. S. Starukhin, and A. M. Shul’ga,
Izv. Akad. Nauk SSSR Ser. Fiz. 47, 1399 (1983) [Bull. Acad. Sci.
USSR Phys. Ser. 47(7),144 (1983)].

®'M. N. Sapozhnikov, A. L. Shubin, and V. I. Rakhovskii, Khim. Fiz. 2,
351 (1983) [Sov. J. Chem. Phys. 2 (1983)].

*2U. Even, J. Magen, J. Jortner, J. Friedman, and H. Levanon, J. Chem.
Phys. 77,4374 (1982); U. Even, J. Magen, J. Jortner, and J. Friedman,

239 Sov. Phys. Usp. 31 (3), March 1988

J. Chem. Phys. 77,4384 (1982); U. Even and J. Jortner, J. Chem. Phys.
77,4391 (1982).

83K. N. Solov’ev, L. L. Gladkov, A. S. Starukhin, and S. F. Shkirman,
Spectroscopy of Porphyrins: Vibrational States [in Russian], Nauka i
Tekhnika, Minsk (1985).

*M. Lutz, in: Advances in Infrared and Raman Spectroscopy (ed. by R.
J. H. Clark and R. E. Hester), Vol. 11, Wiley, N.Y., 1984, Chap. 5,
p. 211

5V, Khizhnyakov (Hizhnyakov) and I. Tekhver (Tehver), Phys. Status
Solidi 21, 755 (1967); 39, 67 (1970).

°P. M. Champion and A. C. Albrecht, Annu. Rev. Phys. Chem. 33, 353
(1982).

°’A. Yu. Borisov, A. M. Freiberg, V. I. Godik, K. K. Rebane, and K. F.
Timpmann, Biochim. Biophys. Acta 807, 221 (1985).

**H. Ogoshi, Y. Saito, and K. Nakamoto, J. Chem. Phys. 57, 4194
(1972).

%R. A. Avarmaa and A. P. Sufsalu, Opt Spektrosk. 56, 53 (1984) [Opt.
Spectrosc. (USSR) 56, 32 (1984)].

"A. N. Sevchenko, K. N. Solov’ev, V. A. Mashenkov, S. F. Shkirman,
and A. P. Losev, Dokl. Akad. Nauk SSSR 175, 797 (1967) {Sov. Phys.
Dokl. 12, 787 (1968)1].

7'M. V. Belkov and A. P. Losev, Spectrosc. Lett. 11, 653 (1978).

2K.N. Solov’ev, I. E. Zalesskii, V. N. Kotlo, and S. F. Shkirman, Pis'ma
Zh. Eksp. Teor. Fiz. 17,463 (1973) [JETP Lett. 17, 332 (1973)].

8. Vélker and J. H. van der Waals, Mol. Phys. 32, 1703 (1976).

748, Volker and R.M. Macfarlane, J. Chem. Phys. 73, 4476 (1980).

*K. Mauring and R. Avarmaa, Chem. Phys. Lett. 81, 446 (1981).

*E. 1. Zenkevich, A. M. Shulga, A. V. Chernook, and G. P. Gurinovich,
Chem. Phys. Lett. 109, 306 (1984).

W.G. van Dorp, W. H. Schoemaker, M. Soma, and J. H. van der Waals,
Mol. Phys. 30, 1701 (1975).

"8R. A. Avarmaa and A. P. Suisalu, Izv. Akad. Nauk SSSR Ser. Fiz. 47,
2364 (1983) [Bull. Acad. Sci. USSR Phys. Ser. 47(12), 76 (1983)].

8. Vélker and R. M. Macfarlane, Chem. Phys. Lett. 61, 421 (1979).

%K. K. Rebane, R. A. Avarmaa, K.Kh. Mauring, and R. V. Yaniso,
Modern Aspects of Fine-Structure and Selective Spectroscopy [in Rus-
sian ], State Pedagogical Institute, Moscow (1984), p. 63.

8V S. Letokhov and V. P. Chebotayev, Nonlinear Laser Spectroscopy,
Springer Verlag, Berlin (1977) [Springer Series in Optical Sciences,
Vol. 4] [Russ. original, Nauka, M., 1975].

82R. A. Avarmaa and K. Kh. Mauring, Opt. Spektrosk. 41, 670 (1976)
[Opt. Spectrosc. (USSR) 41, 393 (1976) ).

BK. Mauring, A. Suisalu, and R. Avarmaa, Izv. Akad. Nauk Est. SSR
Fiz. Mat. 29, 426 (1980); R. Avarmaa, K. Mauring, and A. Suisalu,
Chem. Phys. Lett. 77, 88 (1981).

84R. M. Shelby and R. M. Macfarlane, Chem. Phys. Lett. 64, 545 (1979).

850. N. Korotaev, E. I. Donskof, V.I. Glyadkovskii, and V. N. Kopranen-
kov, Opt. Spektrosk. 57, 145 (1984) [Opt. Spectrosc. (USSR) 57, 88
(1984)].

8A. U. Yalmukhambetov (Jalmukhambetov) and I. S. Osadko, Chem.
Phys. 77, 247 (1983).

¥Ya. (J.) V. Kikas and A. B. Treshchalov, Chem. Phys. Lett. 98, 295
(1983).

8B. M. Kharlamov, R. I. Personov, and L. A. Bykovskaya, Opt. Spek-
trosk. 39, 240 (1975) [Opt. Spectrosc. (USSR) 39, 137 (1975)}.

8J. M. Hayes and G. J. Small, Chem. Phys. Lett. 54,435 (1978); Chem.
Phys. 27, 151 (1978).

%K. Kh. Mauring and R. A. Avarmaa, Izv. Akad. Nauk Est. SSR Fiz.
Mat. 31, 155 (1982).

%IR. V. Yaniso, Izv. Akad. Nauk Est. SSR Fiz. Mat. 31, 161 (1982).

%T. P. Carter and G. J. Small, Chem. Phys. Lett. 120, 178 (1985).

**R. V. Yaniso and R. A. Avarmaa, Zh. Prikl. Spektrosk. 44, 601 (1986)
[J. Appl. Spectrosc. 44, 365 (1986)].

%Ya. V. Kikas and R. V. Yaniso, Fiz. Tverd. Tela (Leningrad) 26, 1861
(1984) [Sov. Phys. Solid State 26, 1128 (1984)].

“F. A. Burkhalter and U. P. Wild, Chem. Phys. 66, 327 (1982).

%P. J. Angiolillo, J. S. Leigh, Jr., and J. M. Vanderkooi, Photochem.
Photobiol. 36, 133 (1982).

7], Fiinfschilling and D. Walz, Photochem. Photobiol. 38, 389 (1983).

°%]. Hala, I. Pelant, M. Ambroz, P. Pancoska, and K. Vagek, Photochem.
Photobiol. 41, 643 (1985).

V. G. Maslov, Dokl. Akad. Nauk SSSR 246, 1511 (1979) [Dokl.
Biophys. 246, 122 (1979)].

%Y. G. Maslov, A. S. Chunaev, V. V. Tugarinov, Biofizika 25, 925
(1980) [Biophys, USSR 25, 945 (1980)].

Y. G. Maslov, A. S. Chunaev, and V. V. Tugarinov, Mol. Biol. 16, 604
(1982).

1023 Friedrich, H. Scheer, B. Zickendraht-Wendelstadt, and D. Haarer, J.
Am. Chem. Soc. 103, 1030 (1981); J. Chem. Phys. 74, 2260 (1981).

%K. Rebane and R. Avarmaa, in: Molecular Spectroscopy of Dense Phases

R. A. Avarmaa and K. K. Rebane 239



(Proc. Twelfth European Congress on Molecular Spectroscopy, Stras-
bourg, 1975), North-Holland, Amsterdam (1976), p. 459.

1%4R. Avarmaa, I. Renge, and K. Mauring, FEBS Lett. 167, 186 (1984);
Izv. Akad. Nauk Est. SSR Fiz. Mat. 33, 250 (1984).

19T, Renge, K. Mauring, and R. Avarmaa, Biochim, Biophys. Acta 766,
501 (1984); Abstracts of Papers presented at Fifth All-Union Conf. on
Photochemistry, Suzdal’, 1985 [in Russian], p. 124.

‘°"§)1. B. Belyaeva, E. R. Personova, and F. F, Litvin, Photosynth. Res. 4,

(1983).

107§, R. Meech, A. J. Hoff, and D. A. Wiersma, Chem. Phys, Lett. 121,
287 (1985).

108§ G. Boxer, D. J. Lockhart, and T. R. Middendorf, Chem. Phys. Lett.
123, 476 (1986).

12A. O. Ganago, A. N. Melkozernov, and V.A. Shuvalov, Biofizika 31,
440 (1986) [Biophys. USSR 31, 481 (1986)].

!1OR. I. Personov, in: Spectroscopy and Excitation Dynamics of Condensed

240 Sov. Phys. Usp. 31 (3), March 1988

Molecular Systems (ed.by V.M. Agranovichand R. M. Hochstrasser),
North-Holland, Amsterdam (1983) p. 555; Spectrochim. Acta B 38,
1533 (1983).

@G, J, Small, in: Spectroscopy and Excitation Dynamics of Condensed
Molecular Systems (ed. by V. M. Agranovich and R. M. Hochstrasser),
North-Holland, Amsterdam (1983), p. 515.

1121 Friedrich and D. Haarer, Angew. Chem. Intern. Ed. 23, 113 (1984).

UK, K. Rebane, J. Lumin, 31/32, 744 (1984).

4R, A. Avarmaa and K. K. Rebane, Spectrochim. Acta A 41, 1365
(1985).

115Zero-Phonon Lines in Spectroscopy and Photochemistry (Special Vol-
ume), Tr. Inst. Fiz. Akad. Nauk Est. SSR 59 (1986).

Translated by A. Tybulewicz

R. A. Avarmaa and K. K. Rebane 240




