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Introduction

Light energy conversion in photosynthesis has to be generally con-
sidered as a cooperative event in which many chlorophyll , molecules
together with the auxiliary pigments, proteins, lipids and with electron-
transport agents participate as a photosynthetic unit. The different
chlorophyll forms in vivo which are involved in the primary photo-
synthetic processes (light energy absorption, transfer and accumula-
tion) cannot be attributed to different chemical compounds; the essen-
tial difference between them must be sought mainly in the molecular
architecture of the antenna and reaction-center pigment-protein comp-
lexes.

The central problem to be solved, using the model systems, is there-
fore the problem of the pigment-protein interaction in the broad sense.
From this point of view, the protein interacting with a porphyrine
molecule, can be modeled at differently complex levels: i) as a set of
individual aminoacids; ii) as the aminoacids in the peptide chain;
iii) as a peptide chain in a given (ordered) conformation and iv) as
some higher multipeptide structure. Beside some general conclusions,
there are very few theoretical and experimental data available which
could contribute to the answer of the question at what above-mentioned
level and to what extent the protein can influence the physical proper-
ties of the interacting pigment.

The tool necessary for the study of such a complex problem as the
pigment-protein interactions really are, is low temperature and high
resolution spectroscopy. The optical spectroscopy of complex organic
molecules has been intensively developed in two last decades. Espe-
cially, advantages of lasers together with an optical cryotechnique
produced a remarkable increase of the spectral resolution as well as
qualitative improvements of our understanding of intramolecular energy
flow. New spectroscopical techniques, such as Shpolskii and site selec-
tion spectroscopy, were established. With improved lasers (e. g. tunable
single-mode frequency lasers) and with the decreasing sample tempera-
ture, hole-burning experiments have been achieved even on chlorophyll-
like molecules [*].
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Materials and methods

In vivo photosynthetic systems are very large and complex objects
containing chlorophylls, proteins, quinones, membranes, etc. in some
not, till now, completely known functional and structural organization.
Therefore the spectroscopy of well-defined model photosynthetic systems
prepared to the special request provide an attractive basis for inter-
preting results obtained on photosynthetic systems isolated in vivo
from plants and bacteria.

The basic-building blocks of the photosynthetic apparatus are pig-
ment-proteins. The protein molecular matrix has the Si, S 2 electronic
states separated by a large energy gap («3 eV) from those of por-
phyrins, so its function is predominantly structural: it ensures the
basic conformational property of the complex, i. e. the fixation of
distance and geometry of bonded porphyrine molecules both as regards
each other and also in regard to protein. The protein influence on
bonded pigments can be described conveniently in terms of the pertur-
bational molecular field V which must be able to reflect also the
regularity of protein polypeptide conformation and the chirality of the
protein structure. We have studied this influence on the set of model
systems consisting of the tetra-anionic water-soluble porphyrins (TPPC,
TPPS) (see Fig. 1) with sequential polycationic helical polypeptides.
The complexes are formed spontaneously by the ionic interactions
between the oppositely charged groups [2], which leads to: i) the red
shift of the bonded porphyrine long-wavelength absorption band (from
640 nm for free pigment to 650—660 nm for different polypeptide matri-
ces); ii) the observation of two new absorption bands in Soret region

Ri R 2 Rs R 4 Rs Re
TPP H Н Н Н Н Н
ТРРС —СООН —СООН —соон —соон н н
TPPS S0 3 H — SO 3 H S0 3 H S0 3 H н н

PARA—TPP-L-Phe —СН3 —СН3 b —СН3 Н Н
ORTHO —TPP—L—Phe —СН 3 -СН 3 -СН3 —СН 3 b Н

ME—ТРР —СООСНз —СООСНз —СООСНз —СООСНз Н Н
MC—ТРР —СНз —СНз —СООН —СНз н н
ТРРА Q —СООН —СООН а —СООН Н а

Fig. 1. The structures and abbreviations of tetraphenylporphyrine-based model systems.
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(359-—450 nm); iii) the strong optical activity of originally achiral
porphyrine molecule as manifested by the intense CD bands in Soret
region. To summarize: the specific chlorophyll-protein structural featu-
res, i.e. the fixation of a pigment on a regular molecular structure and
the chirality of this matrix, were found to serve as a natural selective
factor for the directed tuning of physical properties of the system.

We, especially, studied a set of isolated porphyring in different mat-
rices as a reference for complex model photosynthetic systems (see
Figs 1,2): free base phthalocyanine (H2 -PHTH) in /г-alkanes and
polyethylene, pheophorbide-a (PHEO) in /г-alkanes and dimethylform-
amide (DMF), a set of five derivatives of chlorin (Chn-t, 7-C-Chn-t,
MChn-d, 13-A-MChn-d, 20-Cl-MChn-d) in n- alkanes and dichlormet-
han -f methanol, chlorophyll-a (Chl-a) in /г-alkanes and polystyrene
foils, and a set of tetraphenylporphyrins (TPP, M-TPP, TE-TPP, ...)
in /г-alkanes and in toluene. The porphyrin-aminoacid interaction was
investigated on ortho- and para-TPP phenylalanine systems [3 ] (see
Fig. 1); however, porphyrin-polypeptide interaction was studied on
PFIEO bonded to a synthetic Lys-Ala-Ala polypeptide [4 ] (B-PHEO)
(see Fig. 2). Furthermore, the aggregation effects of M-TPP, para- TPP
and B-PHEO systems were examined including the fast energy transfer
within the polypeptide, chain in B-PHEO. Very recently extraordinary
attention was paid to porphyrin-quinone interactions on TPP-AQ sys-
tems [s ] (see Fig. 1).

Ri R 2 Rs R 4 Rs ReChn-t —CH=CH2 —CH3 —CO2CH3 —CH2CO2CH3 H —CH37—CChn-t -CH-CHj —C =N С0 2СН3 —CH2CO2CH 3 H —CH3MChn-d —CH2 —CH 3 —CH3 H —СН2 СO2 СН 3 H —CH313—A—Mchn-d —CH 2 —CH 3 —CH3 —СО—CH3 —CH2CO2 CH3 H —CH320—Cl—Mchn-d —CH2—CH3 —CH3 H CH2 C02 CH3 Cl —CH3Chi a -CH =CH 2 —CH3 с с H fvtol
Pheo а —CH =CH2 —CH3 с с H H
В —Pheo а —CH 2 =CH2 —CH3 с с H d

Fig. 2. The structures and abbreviations of chlorine-based model systems.
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Results and discussion

The obtained results can be summarized as follows:
The frequencies of normal vibrations of phthalocyanines, chlori-

nes, pheophorbides, chlorophylls, and tetraphenylporphyrins are con-
nected with vibrations of particular molecular skeletons. The same
frequencies can be found in model TPP and PHEO model photosynthe-
tic systems as well [,3~6 ].

The site distribution functions of isolated TPP and PHEO mole-
cules embedded in low temperature matrices are Gaussian curves with
fwhm 100 2BO cm-1 , depending on solvents.

The porphyrin TPP aminoacid (phenylalanine) interaction
does not produce any significant changes in the frequency of normal
vibrations (FNV) and site distribution functions. Much more intense is
the effect of aggregation of M-TPP and para-TPP molecules in frozen
n-octane. This aggregation produces significant broadening of site dis-
tribution functions (fwhm 100 240, 250 cm4) and the red shift
110 cm-1 [7], Similar effect was observed on B-PHEO long-chain

polypeptide model system, where fwhm of particular site distribution
functions was changed from 280 to 460 cm-1

, and 150 cm-1 red-shifted

The decrease of symmetry and an increasing number of different
substituents leads to an increase of active vibrations. This trend was
observed in the literature and in our work, where on Zn-Chn only
24 FNV were found, on Chn it was 24, 30, 34, 40 FNV, on bacterio-Chn
it was 21 —22 FNV, on isobacterio-Chn 29 FNV, on mesotetrapropyl-
Chn 42 FNV. We have found 26 FNV on MChn-d, whereas on 20-
Cl-MChn-d 39 FNV, and on 13-A-MChn-d 58 FNV. Analogically on
Chn-t it was 39 FNV, and on 7-C-Chn-t 45 FNV.

A comparison of FNV obtained from low temperature fluorescence
spectra, IR, Raman scattering and theoretical calculations enables in
a special case to determine a symmetry and a kind of vibrations [B].
In most cases they are in- or out- of plane С—С, C—C—H, C—N,
C—C—N, C—N —H, ... vibrations of Chn skeleton. Chn is a large

macrosystem and, consequently, particular vibrations are usually not
characteristic.

ln the two model systems (TPPC complexes with model polytri-
peptides) [2 ] we have created a pigment form with significantly shor-
tened fluorescence lifetime. The corresponding quenching mechanism
seems to be specifically connected with the regular conformation of the
polypeptide matrix. The specificity of the alfa-helical polypeptide influ-
ence on the TPPC steady and time resolved fluorescence properties can
be rationalized by the fact that the fixation of the pigment onto the
helical polytripeptide polycationic matrix introduces the porphyrine
into the charge field of intensity greater than that generated by any
other nonhelical polypeptide conformation. From all spatial curves, the
helix needs the maximal length of polypeptide chain to fill a given
distance between C and N termini, so the alfa-helical polytripeptide
ensures the highest possible spatial density of the sources of the discussed
field.

The TPP-quinone interaction in model photosynthetic systems does
not produce any significant changes in frequencis of normal vibrations.
The life-time x determined from hole burning experiments t ~ 2 ps (see
Fig. 3) is much higher than those observed on in vivo bacterial photo-
synthetic reaction centres [9 ], These results support the idea of above-
mentioned papers that very fast electron transfer in femtosecond scale is
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Fig. 3. Hole burning spectrum of tetraphenylporphyrin antraquinone system in toluene
at 4K. The spectrum in the bottom represents the hole burned by pulsed dye laser into

the excitation spectrum in the top.

strongly coupled with the protein environment. The study of systems
consisting of TPP, especially Zn-TPP, quinones and model proteins is in
progress.
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FOTOSÜNTEESI MUDELSÜSTEEMIDE OPTILINE

KORGLAHUTUSSPEKTROSKOOPIA
Porfüriinide molekulide tetraanioonide ja polüpeptiidmaatriksi vastastikmõju on

uuritud madalatemperatuurilise laserspektroskoopia meetodil. On määratud pigmendi-
molekulide normaalvonfcumiste sagedused ning arutletud tetrafenüülporfiini ja polüpep-
tiidi kompleksi fluorestsentsi eluea lühenemise üle.

И. ХАЛА. к. ВАЦЕК, М. АМБРОЖ, К. ГРОФ., П. ПАНЧОШКА, И. ПЕЛАНТ
ОПТИЧЕСКАЯ СПЕКТРОСКОПИЯ ВЫСОКОГО РАЗРЕШЕНИЯ

МОДЕЛЬНЫХ СИСТЕМ ФОТОСИНТЕЗА

Методом низкотемпературной лазерной спектроскопии изучены пигмент-белковые
взаимодействия тетра-анионов порфиринов в матрицах полипептидов. Определены час-
тоты нормальных колебаний молекул пигментов. Обсуждается возможность сокра-
щения времени затухания флуоресценции тетрафенилпорфина в комплексе с полипеп-
тидом.
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	TIME- AND TEMPERATURE-DEPENDENT RELAXATION FEATURES OF SPECTRAL HOLES
	Fig. 1. Hole area (a) and hole width (b) as a function of time after burning. System: quinizarin in protonated and perdeuterated alcohol glass.
	Fig. 2. Hole area (a) and hole width (b) as a function of time after burning. System: tetracene in protonated and perdeuterated alcohol glass.
	Fig. 3. Reduction of the hole area by cycling the system (tetracene in alcohol glass) between the burning temperature Ть = 3 К and T—B К (curve 1 and 2). If the same cycle is repeated twice, no further reduction occurs (curve 3).
	Fig. 4. Hole area as a function of cycling temperature. Note that all data points are measured at the burning temperature TV Systems: quinizarin in PMMA and tetracene in alcohol glass (lower trace).
	Fig. 5. Change in optical density upon laser irradiation at the marked positions (arrows). AOZ)>O characterizes the spectral range of the photoproduct. a Tetracene in alcohol glass at 10 K- Note the occurrence of isosbestic points within 30 cm"1 of the laser frequency. b —• Quinizarin in alcohol glass at 4.2 K- Note that the isosbestic point is found 2500 cm""1 above the laser frequency.
	Fig. 6. Hole area as a function of a reduced temperature TJT* (see the text). The scaling behavior is quite obvious. The systems investigated are shown in the figure.

	EXCITED STATE DYNAMICS OF AMORPHOUS SYSTEMS AT LOW TEMPERATURE STUDIED BY HOLE-BURNING
	Untitled
	Fig. 1. Organic molecules studied as guests in amorphous hosts. They undergo photochemical hole-burning (PHB). Top; dimethyl-s-tetrazine (DMST), free-base porphin (H2P), free-base chlorin (H2Ch). Bottom: ionic dyes resorufin and cresylviolet (CV) [22]. Fig. 2. Log-log plot of Глот —FO versus T for: a dimethyl-s-tetrazine (DMST) cresylviolet (CV), resorufin and free-base porphin (H2P) as guests in PMMA b— CV resor.ufin and H2P in ethanol. All curves follow aT1 -3±°-i dependence [2o]
	Fig. 3. Double-logarithmic plot of FTom vs. T for pentacene in PMMA. (ГТот = 1/2Гьоlе for hole-burning data, and Г/ьош= (яТ^)"1 for photon echo data [']). The two upper curves (dashed lines) are reproduced from [*]• The lowest curve represents our holeburning data for Pt 7.5ХЮ-3 J-cm~2 [3].
	Fig. 4. '/«Fhole as a function of burning time for pentacene in PMMA at Г=l2 К for two burning powers. At P= 20 holes were detected simultaneously via’ the fluorescence excitation signal and the transmission signal through the sarnole At P = 0.75 mW-cm-2 holes were observed in fluorescence only For F 0 '/S ~ =ГАот = 0.50 GHz [3]. ’
	Fig. 5. VzT/ioie versus time after burning for pentacene in PMMA (sample of OD = 0.9) at 7=1.2 K. Holes were detected simultaneously in fluorescence (closed symbols) and in transmission (open symbols). From bottom to top, increasing values of burning fluences: />/ = 0.035±0.005, 0.35±0.05, 1.4±0.1, 6.0+0,5, 48+2 J-cm-2 [3],
	Fig. 6. Temperature dependence of the homogeneous linewidth Fh0m (we define Г нош=: VsF hoie for Pt-*- 0) of the o—o transition of resorufin in phase I and phase II of ethanol, between ~ 0.3 and 4.2 K- As a comparison, the photon echo data of [2] are shown (dashed line). Insert: detail of the extrapolation of Fhom to the fluorescence lifetime-limited value of resorufin, Гo= (2яГl)~1~20 MHz, when Г->-0, for both phases I and II of ethanol [4].
	Fig. 7. Log-log plot of Thom Г0 versus Г for the o—o0—0 transition of resorufin in phases I and II of ethanol, between ~ 0.3 and 4.2 K. Both curves follow а Г1-3*01 dependence over at least one decade in T [4].
	Fig. 8. a Effect of a magnetic field on holes burnt in zero field (thin curves) in the Si-t-So o—o transition of H2P in PE at 4.2 К for two different fields. Top: a field of Я —3.2 Tis applied to a hole of rhoie = 200 MHz; middle and bottom: a field of H = 6.0 T is applied to holes of, respectively, MHz and 984 MHz. b Fits of the theoretically calculated hole sphapes (eqs. (1), and (2)) to the experimental results for the same three holes of Fig. 8, a (see text) [s],
	Fig. 9. Hole shape D as a function of frequency v and magnetic field H, for a zero field hole of 500 MHz width, calculated with eq. (1). Insert: frequency shift of the maximum of the curve vs. field for different holewidths [s].
	KINETICS OF PHOTOPHYSICAL HOLE-BURNING IN TETRACENE-DOPED MTHF GLASSES
	Fig. I.a Profile of the inhomogeneously broadened TC absorption before (upper) and after (lower, offset) hole-burning. Part b illustrates the relative change in optical density, exhibiting the appearence of anti-hole states at energies above the zero phonon hole and the rise of OD by antiholes compensating the decrease of OD by hole-burning via the phonon wing of low energy sites.
	Fig. 2. Temporal progress of the hole-burning process detected via fluorescence intensity of the vibrational zero phonon line (dots). The solid line shows an upper estimate of the inherent dispersion as predicted by eq. (4) but disregarding any variations of tunneling matrix elements. A comparison with the experimental data indicates that the statistics of TLSs are essential for understanding the burn kinetics. Full circles denote the fit on the basis of eq. (4) which includes the Gaussian density of К and the inherent contribution to the dispersion. The fit parameters are a = 2.0, v 0 = 4.2X10-3 s->
	Fig. 3. a – Spontaneous recovery of a hole recorded via VZPL fluorescence (dots) and scanning the hole profile (circles) in the long time regime. The solid line represents the calculated kinetics assuming a Gaussian density of tunneling paramdters and hole saturation at —(AOD/OD)max = 0.55, using the parameter set a = 2.5, km =ks = = I.BXIO~3 s-1, 4sp = 0.3X10“3 s~L Section b shows data and fit curve on a logarithmic time scale. Deviations from a logarithmic decay law are obvious in the short time limit of the experimental findings.
	Fig. 4. Experimental hole profiles (lines) for various times after terminating the burn proeess as indicated, taken from the scan (circles) of Fig. 3. The holes are well approximated by Lorentzian line shapes (crosses) with constant width Г. This demonstrates that spontaneous hole-filling is not accompanied by spectral diffusion within the time frame of Fig. 3.
	Fig. 5. a The first 20 min of spontaneous OD recovery of holes of different depth detected via continuously recorded VZPL fluorescence (dots). Immediately after exposing the sample for burn times varying from 30 s to 4000 s and 7B = 0.5 mW/cm2 the interrogation intensity was reduced by a factor of 10~3. Solid lines depict the fits assuming correlated burn and recovery tunneling processes choosing the parameter set (see text) a —2, km = k5~0.007 s-1, &sp = 0.001 s-1 and a maximum hole recovery of 30%- b The same SHF-data yet plotted relative to the initial hole depth (10, 18, 32 and 47% from top to bottom, respectively) to illustrate that shallow holes recover faster than deep ones. Broken lines are guides to the eye not corresponding to the fits in Fig. sa.
	Fig. 6. Comparison of dispersive decays with Gaussian and uniform density of X calculated by means of eq: <2) with parameters Я,O=Ю, a= 3 and v 0 = 5 s-1 (Gaussian) and Xo= Ю, a 2.0 and Vo —5 s-1 (uniform), where a represents the square root of the dispersion in both cases. The inset illustrates both densities on a common X-scale. A logtime representation (lower plot) compares the decay with a logarithmic law indicated by the dotted line.
	Fig. 7. Schematic diagram of three possible TLS configurations accounting for unburnable sites (a), metastable holes (b) and stable holes (c). The notation of states and rates agree with the kinetic scheme in the text (eq. (5))


	OPTICAL TRANSITIONS IN PROTON TRANSFER SYSTEMS
	Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
	Fig. 2. Schematic representation of the double-well tautomerization potential of an acid dimer coupled to a dye molecule. The wavefunctions are indicated as broken lines. The asymmetry of the doublewell potential is reversed when the dye molecule is excited. The rate of tautomerization can be determined in this case from time resolved emission measurements.
	Fig. 3. Projection on the a, b crystallographic plane of a thioindigo molecule doped substitutionally into a benzoic acid crystal. Two of the four tautomer configurations of the two equivalent acid dimers sandwiching the indigo molecule are shown.
	Fig. 4. Top; emission spectra of thioindigo in benzoic acid recorded under selective excitation of the tautomer configuration with the highest (lowest) energy when thioindigo is in the excited (ground) electronic state. The lines marked Ru R 2 and R 3 correspond to the different tautomer configurations I ct, a), ja, p> and |p, a>, |p,p>. The bands marked ph and и are phonon side bands and vibronic lines, respectively some of the other sharp lines are Raman transitions of the benzoic acid matrix. Bottom: time resolved fluorescence emission from the Ri, R 2 and R 3 configurations subsequent to selective excitation of Ri.
	Fig. 5. Schematic representation of the optical resolution by fluorescence line narrowing of the delocalized proton levels of an acid dimer coupled to a dye molecule. The wavefunctions are represented by broken and dotted lines. The inhomogeneous width of the electronic transition indicated schematically masks the ground state level splitting in conventional absorption or emission spectra. p b
	Fig. 6. Line narrowed emission spectra obtained for thioindigo in benzoic acid: excitation into a vibrational level (top) and the o—o-transition (bottom) of the higher energy la, (3>, IP, a> configuration. The homogeneous linewidth of the transitions in the excitation process masks the ground state splitings when a vibrational level is involved, while it makes a negligeable contribution to the instument limited linewidth of the bottom spectrum obtained by excitation of the o—O-transition.0—O-transition.
	Fig. 7. Transient grating measurements in proto (top) and deutero (bottom) benzoic acid doped with thioindigo. The full and broken lines are calculated decays neglecting and including relaxation processes of benzoic acid dimers near ground state thioindigo molecules. The peak near t— 0 reflects a fast process possibly related to multiphoton excitation of higher electronic states.

	DEPHASING OF OPTICAL IMPURITY STATES IN GLASSES: LOW-TEMPERATURE REGIME
	Fig. 1. Top: Inhomogeneous spectrum originating from homogeneous lines with different central frequencies. Bottom: Change of the spectrum through hole burning.
	Fig. 2. The components of the model and their interactions.
	Fig. 3. Energy levels of a system consisting of one impurity and one TLS
	Fig. 4. Energy levels of a system of one impurity coupled to several in the case displayed, four TLSs. The left hand side corresponds to TLSs with identical energy splittings, and the degeneracies of the various levels are given.
	Fig. 5. Linewidth averaged with respect to A and A. The A ranges used in the averages are indicated. The A range covers an interval of size 2.6 toD. Parameters: AF=o.3cod, 0d = 3OOK (Debye temperature), c = 3km/s (velocity of sound), q—2 g/cm3, /=1 ev (deformation potential).
	Fig. 6. Linewidth according to (11) in comparison with experimental data from [39] and [lB]. Short range interaction is assumed. The A range is over in interval of length 0.2 ■cod. Parameter values: <AF> = 10“3а)о, AFmax = 0.1446a)D, AF ос 1Д3, rmax-= 10/-min, 0D = —l5O K, c 2km/s, q=l g/cm3, k = 0.3, /=1 eV. (H2P free-base porphin; MTHF 2-methyltetrahydrofuran; PMMA polymethylmethacrylate; PE polyethylene).
	Fig. 7. Linewidth (in units of cod) of the optical transition Ri as a function of AF. Parameter values: A —B, F“ = 0.6t0D, 0d = 300 K, c=3.75 km/s, Q=2 g/cm3, /=leV. Left: A=2Fa; the straight curve segments on the left hand side of the figure describe a AF4 law. Right: A=2Fa+lo~3wp, to the left of their bends the curves-are proportional to AF2
	Fig. 8. Linewidth in comparison with experimental data. The long-range nature of the interaction is taken into account. The A range covers an interval of length 0 2coD Parameter values: Ahmax = 0.72383X10-3coD = 106AFmin (->- <AF> = 10-stoD for the upper curves), 0d = 2OOK, c = 2km/s, p = 2g/cm3, ft =l.O, /=leV Full lines: =6, dashed lines: 7min =7, dotted lines: ?tmin =8; Ämax = Xmm+7. Upper Curves: Ah pc 1/r3, lower curves; Ah oc 1/r4.

	HIGH-RESOLVED OPTICAL SPECTROSCOPY OF MODEL PHOTOSYNTHETIC SYSTEMS
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	Fig. 1. Hole area (a) and hole width (b) as a function of time after burning. System: quinizarin in protonated and perdeuterated alcohol glass.
	Fig. 2. Hole area (a) and hole width (b) as a function of time after burning. System: tetracene in protonated and perdeuterated alcohol glass.
	Fig. 3. Reduction of the hole area by cycling the system (tetracene in alcohol glass) between the burning temperature Ть = 3 К and T—B К (curve 1 and 2). If the same cycle is repeated twice, no further reduction occurs (curve 3).
	Fig. 4. Hole area as a function of cycling temperature. Note that all data points are measured at the burning temperature TV Systems: quinizarin in PMMA and tetracene in alcohol glass (lower trace).
	Fig. 5. Change in optical density upon laser irradiation at the marked positions (arrows). AOZ)>O characterizes the spectral range of the photoproduct. a Tetracene in alcohol glass at 10 K- Note the occurrence of isosbestic points within 30 cm"1 of the laser frequency. b —• Quinizarin in alcohol glass at 4.2 K- Note that the isosbestic point is found 2500 cm""1 above the laser frequency.
	Fig. 6. Hole area as a function of a reduced temperature TJT* (see the text). The scaling behavior is quite obvious. The systems investigated are shown in the figure.
	Untitled
	Fig. 1. Organic molecules studied as guests in amorphous hosts. They undergo photochemical hole-burning (PHB). Top; dimethyl-s-tetrazine (DMST), free-base porphin (H2P), free-base chlorin (H2Ch). Bottom: ionic dyes resorufin and cresylviolet (CV) [22]. Fig. 2. Log-log plot of Глот —FO versus T for: a dimethyl-s-tetrazine (DMST) cresylviolet (CV), resorufin and free-base porphin (H2P) as guests in PMMA b— CV resor.ufin and H2P in ethanol. All curves follow aT1 -3±°-i dependence [2o]
	Fig. 3. Double-logarithmic plot of FTom vs. T for pentacene in PMMA. (ГТот = 1/2Гьоlе for hole-burning data, and Г/ьош= (яТ^)"1 for photon echo data [']). The two upper curves (dashed lines) are reproduced from [*]• The lowest curve represents our holeburning data for Pt 7.5ХЮ-3 J-cm~2 [3].
	Fig. 4. '/«Fhole as a function of burning time for pentacene in PMMA at Г=l2 К for two burning powers. At P= 20 holes were detected simultaneously via’ the fluorescence excitation signal and the transmission signal through the sarnole At P = 0.75 mW-cm-2 holes were observed in fluorescence only For F 0 '/S ~ =ГАот = 0.50 GHz [3]. ’
	Fig. 5. VzT/ioie versus time after burning for pentacene in PMMA (sample of OD = 0.9) at 7=1.2 K. Holes were detected simultaneously in fluorescence (closed symbols) and in transmission (open symbols). From bottom to top, increasing values of burning fluences: />/ = 0.035±0.005, 0.35±0.05, 1.4±0.1, 6.0+0,5, 48+2 J-cm-2 [3],
	Fig. 6. Temperature dependence of the homogeneous linewidth Fh0m (we define Г нош=: VsF hoie for Pt-*- 0) of the o—o transition of resorufin in phase I and phase II of ethanol, between ~ 0.3 and 4.2 K- As a comparison, the photon echo data of [2] are shown (dashed line). Insert: detail of the extrapolation of Fhom to the fluorescence lifetime-limited value of resorufin, Гo= (2яГl)~1~20 MHz, when Г->-0, for both phases I and II of ethanol [4].
	Fig. 7. Log-log plot of Thom Г0 versus Г for the o—o0—0 transition of resorufin in phases I and II of ethanol, between ~ 0.3 and 4.2 K. Both curves follow а Г1-3*01 dependence over at least one decade in T [4].
	Fig. 8. a Effect of a magnetic field on holes burnt in zero field (thin curves) in the Si-t-So o—o transition of H2P in PE at 4.2 К for two different fields. Top: a field of Я —3.2 Tis applied to a hole of rhoie = 200 MHz; middle and bottom: a field of H = 6.0 T is applied to holes of, respectively, MHz and 984 MHz. b Fits of the theoretically calculated hole sphapes (eqs. (1), and (2)) to the experimental results for the same three holes of Fig. 8, a (see text) [s],
	Fig. 9. Hole shape D as a function of frequency v and magnetic field H, for a zero field hole of 500 MHz width, calculated with eq. (1). Insert: frequency shift of the maximum of the curve vs. field for different holewidths [s].
	Fig. I.a Profile of the inhomogeneously broadened TC absorption before (upper) and after (lower, offset) hole-burning. Part b illustrates the relative change in optical density, exhibiting the appearence of anti-hole states at energies above the zero phonon hole and the rise of OD by antiholes compensating the decrease of OD by hole-burning via the phonon wing of low energy sites.
	Fig. 2. Temporal progress of the hole-burning process detected via fluorescence intensity of the vibrational zero phonon line (dots). The solid line shows an upper estimate of the inherent dispersion as predicted by eq. (4) but disregarding any variations of tunneling matrix elements. A comparison with the experimental data indicates that the statistics of TLSs are essential for understanding the burn kinetics. Full circles denote the fit on the basis of eq. (4) which includes the Gaussian density of К and the inherent contribution to the dispersion. The fit parameters are a = 2.0, v 0 = 4.2X10-3 s->
	Fig. 3. a – Spontaneous recovery of a hole recorded via VZPL fluorescence (dots) and scanning the hole profile (circles) in the long time regime. The solid line represents the calculated kinetics assuming a Gaussian density of tunneling paramdters and hole saturation at —(AOD/OD)max = 0.55, using the parameter set a = 2.5, km =ks = = I.BXIO~3 s-1, 4sp = 0.3X10“3 s~L Section b shows data and fit curve on a logarithmic time scale. Deviations from a logarithmic decay law are obvious in the short time limit of the experimental findings.
	Fig. 4. Experimental hole profiles (lines) for various times after terminating the burn proeess as indicated, taken from the scan (circles) of Fig. 3. The holes are well approximated by Lorentzian line shapes (crosses) with constant width Г. This demonstrates that spontaneous hole-filling is not accompanied by spectral diffusion within the time frame of Fig. 3.
	Fig. 5. a The first 20 min of spontaneous OD recovery of holes of different depth detected via continuously recorded VZPL fluorescence (dots). Immediately after exposing the sample for burn times varying from 30 s to 4000 s and 7B = 0.5 mW/cm2 the interrogation intensity was reduced by a factor of 10~3. Solid lines depict the fits assuming correlated burn and recovery tunneling processes choosing the parameter set (see text) a —2, km = k5~0.007 s-1, &sp = 0.001 s-1 and a maximum hole recovery of 30%- b The same SHF-data yet plotted relative to the initial hole depth (10, 18, 32 and 47% from top to bottom, respectively) to illustrate that shallow holes recover faster than deep ones. Broken lines are guides to the eye not corresponding to the fits in Fig. sa.
	Fig. 6. Comparison of dispersive decays with Gaussian and uniform density of X calculated by means of eq: <2) with parameters Я,O=Ю, a= 3 and v 0 = 5 s-1 (Gaussian) and Xo= Ю, a 2.0 and Vo —5 s-1 (uniform), where a represents the square root of the dispersion in both cases. The inset illustrates both densities on a common X-scale. A logtime representation (lower plot) compares the decay with a logarithmic law indicated by the dotted line.
	Fig. 7. Schematic diagram of three possible TLS configurations accounting for unburnable sites (a), metastable holes (b) and stable holes (c). The notation of states and rates agree with the kinetic scheme in the text (eq. (5))
	Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
	Fig. 2. Schematic representation of the double-well tautomerization potential of an acid dimer coupled to a dye molecule. The wavefunctions are indicated as broken lines. The asymmetry of the doublewell potential is reversed when the dye molecule is excited. The rate of tautomerization can be determined in this case from time resolved emission measurements.
	Fig. 3. Projection on the a, b crystallographic plane of a thioindigo molecule doped substitutionally into a benzoic acid crystal. Two of the four tautomer configurations of the two equivalent acid dimers sandwiching the indigo molecule are shown.
	Fig. 4. Top; emission spectra of thioindigo in benzoic acid recorded under selective excitation of the tautomer configuration with the highest (lowest) energy when thioindigo is in the excited (ground) electronic state. The lines marked Ru R 2 and R 3 correspond to the different tautomer configurations I ct, a), ja, p> and |p, a>, |p,p>. The bands marked ph and и are phonon side bands and vibronic lines, respectively some of the other sharp lines are Raman transitions of the benzoic acid matrix. Bottom: time resolved fluorescence emission from the Ri, R 2 and R 3 configurations subsequent to selective excitation of Ri.
	Fig. 5. Schematic representation of the optical resolution by fluorescence line narrowing of the delocalized proton levels of an acid dimer coupled to a dye molecule. The wavefunctions are represented by broken and dotted lines. The inhomogeneous width of the electronic transition indicated schematically masks the ground state level splitting in conventional absorption or emission spectra. p b
	Fig. 6. Line narrowed emission spectra obtained for thioindigo in benzoic acid: excitation into a vibrational level (top) and the o—o-transition (bottom) of the higher energy la, (3>, IP, a> configuration. The homogeneous linewidth of the transitions in the excitation process masks the ground state splitings when a vibrational level is involved, while it makes a negligeable contribution to the instument limited linewidth of the bottom spectrum obtained by excitation of the o—O-transition.0—O-transition.
	Fig. 7. Transient grating measurements in proto (top) and deutero (bottom) benzoic acid doped with thioindigo. The full and broken lines are calculated decays neglecting and including relaxation processes of benzoic acid dimers near ground state thioindigo molecules. The peak near t— 0 reflects a fast process possibly related to multiphoton excitation of higher electronic states.
	Fig. 1. Top: Inhomogeneous spectrum originating from homogeneous lines with different central frequencies. Bottom: Change of the spectrum through hole burning.
	Fig. 2. The components of the model and their interactions.
	Fig. 3. Energy levels of a system consisting of one impurity and one TLS
	Fig. 4. Energy levels of a system of one impurity coupled to several in the case displayed, four TLSs. The left hand side corresponds to TLSs with identical energy splittings, and the degeneracies of the various levels are given.
	Fig. 5. Linewidth averaged with respect to A and A. The A ranges used in the averages are indicated. The A range covers an interval of size 2.6 toD. Parameters: AF=o.3cod, 0d = 3OOK (Debye temperature), c = 3km/s (velocity of sound), q—2 g/cm3, /=1 ev (deformation potential).
	Fig. 6. Linewidth according to (11) in comparison with experimental data from [39] and [lB]. Short range interaction is assumed. The A range is over in interval of length 0.2 ■cod. Parameter values: <AF> = 10“3а)о, AFmax = 0.1446a)D, AF ос 1Д3, rmax-= 10/-min, 0D = —l5O K, c 2km/s, q=l g/cm3, k = 0.3, /=1 eV. (H2P free-base porphin; MTHF 2-methyltetrahydrofuran; PMMA polymethylmethacrylate; PE polyethylene).
	Fig. 7. Linewidth (in units of cod) of the optical transition Ri as a function of AF. Parameter values: A —B, F“ = 0.6t0D, 0d = 300 K, c=3.75 km/s, Q=2 g/cm3, /=leV. Left: A=2Fa; the straight curve segments on the left hand side of the figure describe a AF4 law. Right: A=2Fa+lo~3wp, to the left of their bends the curves-are proportional to AF2
	Fig. 8. Linewidth in comparison with experimental data. The long-range nature of the interaction is taken into account. The A range covers an interval of length 0 2coD Parameter values: Ahmax = 0.72383X10-3coD = 106AFmin (->- <AF> = 10-stoD for the upper curves), 0d = 2OOK, c = 2km/s, p = 2g/cm3, ft =l.O, /=leV Full lines: =6, dashed lines: 7min =7, dotted lines: ?tmin =8; Ämax = Xmm+7. Upper Curves: Ah pc 1/r3, lower curves; Ah oc 1/r4.
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