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Abstract. Characteristic features of photochemical hole-burning (PHB) in the impurity 
spectra of low-temperature solids and PHB applications in molecular spectroscopy are 
considered. The evolution of a no-phonon hole and a phonon sidehole in excitation and 
fluorescence spectra is analysed on the basis of model calculations. Some more complex 
models for PHB are considered , which take into account reverse reactions, the optical 
thickness of the sample, the inhomogeneous dispersion of both homogeneous linewidths 
and transition energies of the photoproduct and quasi-static impurity-impurity 
interactions. The effects of PHB on fluorescence line narrowing are discussed. By PHB 
homogeneous linewidths of purely electronic and vibronic no-phonon lines in the spectra of 
some porphine and phthalocyanine derivatives in various matrices are measured and their 
temperature dependence is studied. The latter is found to be essentially different in 
polycrystalline and glassy matrices. Line-broadening mechanisms are discussed. By PHB 
the existence of an inhomogeneous distribution of vibrational frequencies in molecular 
impurities is established. The applications of PHB in the studies of photochemical reactions 
in solid solutions of phthalocyanine derivatives and tetracene are regarded and the 
mechanisms of these reactions are discussed. The results obtained by PHB for chlorophyll 
and its derivatives are presented. 

PACS: 78.50 

The main progress in todays molecular spectroscopy 
consists in the elimination of the inhomogeneous 
broadening (IHB) of optical spectra. For complex 
organic molecules embedded in solid organic matrices 
the IHB is so large that most important details of the 
spectrum of individual molecules are completely hid- 
den [1-3]. In this paper we shall discuss a possibility Of 
overcoming the inhomogeneous broadening by means 
of burning persistent narrow spectral holes in in- 
homogeneously broadened spectral bands. A simple 
idea of using selective bleaching of photochemically 
unstable molecules under monochromatic laser exci- 
tation in order to reveal the homogeneous structure of 

the spectra was first demonstrated by our group in 
1974 on an example of a frozen solution of a free-base 
phthalocyanine (H2Pc) in n-octane at 5K [4]. The 
spectral hole was obtained in the 694.0 nm component 
of a 0--0 multiplet, after irradiating the sample with a 
ruby laser. The half-width of the hole was 0.07 cm - 1. It 
is as much as 100 times narrower than that of the 
inhomogeneously broadened component of the mul- 
tiplet indicating the existence of very narrow pure- 
electronic no-phonon lines (NPL) in the spectra of 
complex organic molecules. The hole persisted in 
darkness for many hours (the lifetime of the photopro- 
duct). The burning of persistent holes gives an oppor- 
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tunity to perform spectral measurements in resonance 
with the excitation without applying any time- 
resolving devices. 

By now the persistent spectral holes induced by photo- 
chemical transformations of the molecule (commonly 
referred to as photochemical hole burning, PHB) have 
been observed in a large number of various molecules 
in various matrices [5-19], including important 
biochemical molecules such as chlorophyll [20-24]. It 
is evident that mechanisms of photochemical hole 
burning may be rather different, including photo- 
tautomerization [4-7, 10-12], photodissociation [8, 9], 
rearrangement of hydrogen bonds [15-17], etc. In 
some cases the phototransformation and formation of 
a hole were obtained as a result of a two-step exci- 
tation [24, 25]. 

After the pioneering work by Kharlamov et al. [26] 
spectral holes were also burned in the bands of photo- 
chemically stable molecules, such as aromatic hy- 
drocarbons embedded in organic glasses [27-30]. As 
there is one-step excitation of molecules which is not 
followed by any photochemical change of guest mo- 
lecules, the hole burning mechanism for these cases is 
referred to as photophysical or nonphotochemical hole 
burning (NPHB). It has been interpreted as being due 
to tunnelling processes in glassy materials. However, 
the problem of the classification of hole-burning mech- 
anisms is rather subtle - there are cases where both 
host matrix and guest molecule participate actively 
(rearrangement of hydrogen bonds between them 
[16]). It is possible to accept a more general viewpoint 
and consider the guest molecule and its surrounding as 
a new physical entity - impurity centre. Then PHB and 
NPHB turn out to be the limiting cases of a large 
variety of phototransformations of impurity centres 
and the difference between them in many cases is 
unessential. In what follows we concentrate mainly on 
systems where the photochemical nature of hole burn- 
ing is well established, but many of our results are of a 
wider application. 

The specific features of PHB are clearly displayed 
when compared with the selective saturated hole burn- 
ing [31-33]. A saturated hole in the IHB band arises if 
irradiation is of sufficient intensity to saturate a tran- 
sition in a two-level system. The hole burned photo- 
chemically differs from the saturated hole in two points 
of principal importance. First, photochemical transfor- 
mation takes place at every act of photon absorption 
(with a certain probability) and the summary effect (a 
hole) is proportional to the irradiation dose, whereas 
the saturation of the transition depends on irradiation 
intensity. Secondly, the lifetime of the photochemical 
hole is determined only by that of the photoproduct, 

whereas the lifetime of the saturated hole corresponds 
to the lifetime of the excited state 1. But since the hole is 
formed as a result of the decrease in the finite number of 
absorbing centers at the irradiation frequency, the hole 
profile in both cases displays the effects of saturation 
broadening. It should be noted that an increase of the 
triplet state population due to the single-to-triplet 
convertion brings about a hole in the singlet band 
[34, 35]. 
Evidently, the PHB kinetics is strictly dependent on 
the relation between the homogeneous and inhomo- 
geneous intensity distribution in a spectrum of im- 
purity molecules. Let us recall here some parameters 
for an abstract system, keeping in mind a frozen 
solution of organic molecules. In accordance with the 
theory [36] the main feature of a homogeneous spec- 
trum of electronic absorption is the existence of ex- 
tremely narrow NPL and a comparatively broad 
(Fp~100cm -1) phonon sideband (PSB). The total 
homogeneous linewidth (HLW) F of NPL depends on 
the time T~ of the excited level population decay and 
on the dephasing time T; as follows [37]: 

1 2 
r = + (i) 

For a pure-electronic NPL the limit value of F at 0 K 
should be of the order of 10-3 cm- ~ [36]. 
At helium temperatures the absorption in the maxi- 
mum of homogeneous NPL exceeds manytimes that in 
PSB. For an estimation one may take the Debye- 
Waller factor c~=1/2 that leads to the ratio 
INVL/IpsB~Fp/F,,~,IO 5. For the NPL of a vibronic 
transition one may take F = 0 . 1 + l c m  -~ and then 
INpL/Ips B ~ 102 + 103. Such high relative intensities of 
NPL have never been observed in real spectra because 
of IHB. With the width of the IHB band 
A--1 + 100cm -~ one obtains a decrease in the ratio 
INpL/Ips B in the spectra by a factor of A/F 
= 102 + l0 s. 

Narrow NPL of a high peak intensity make PHB very 
selective: it results in the formation of narrow no- 
phonon holes, which are very sensitive to all kinds of 
interactions that affect the width and position of 
NPL. 
Because of the broad PSB no monochromatic exci- 
tation can be totally selective, and it will be absorbed 
in two ways: selectively, by molecules whose NPL are 
in resonance, and unselectively, by molecules whose 
PSB overlap at the excitation frequency. Due to a great 
difference in the absorption via NPL and PSB, and 

1 The differences between saturated and photochemical holes be- 
come unessential when the lifetime of a photoproduct is comparable 
with the optical lifetime 
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photochemical bleaching the relation between these 
two groups changes in the course of irradiation in 
favour of unselectively excited molecules, which brings 
about the appearance of broad holes (hole sidebands) 
in the hole spectrum as well. 
For a correct distinction of a HLW (as well as other 
homogeneous parameters) from the corresponding 
PHB experiment one needs model calculations that 
take into account saturation effects, i.e. the change of 
the hole with the irradiation dose. It is important to 
include in a model also possible feedback processes 
(e.g. thermal decomposition of the photoproduct) that 
bring about the limit of saturated-holes profiles. A 
realistic model should take into account also the 
presence of PSB. 

Theoretical models of the PHB process were discussed 
by Gorokhovskii and Kikas [381, Voelker et al. [391, 
and de Vries and Wiersma [40]. They have calculated 
the narrow no-phonon hole broadening caused by 
saturation effects. The appearance of phonon wings 
in the hole spectrum has been considered by 
Friedrich et al. [41]. In Sect. 1 we shall discuss models 
that describe the transient change in the inhomo- 
geneous distribution of the impurity centers in selective 
photochemistry (the hole formation process), taking 
into account all three factors: saturation effects, pho- 
non wings and reverse processes. We shall discuss the 
influence of other factors, such as higher-dimensional 
spectral inhomogeneity, impurity-impurity interac- 
tion, etc. on the hole burning process. Next the ap- 
pearance of holes in luminescence and excitation spec- 
tra as well as the effects of hole-burning on the 
fluorescence line narrowing will be considered. In view 
of PHB applications the hole formation in an optically 
dense sample will also be considered. 

PHB is now successfully used for various purposes of 
molecular and solid state spectroscopy. Let us give 
here a brief account of the problems that may be or 
have already been solved by this method. 

The most accurate measurements of HLW of the pure- 
electronic NPL have been done with PHB for impurity 
molecules of H2Pc and its derivatives in crystalline 
matrices [10, 42, 43], for free-base porphin in n-octane 
[39, 44] and decane [7], for dimethyl-s-tetrazine in 
durene [8] and s-tetrazine in benzene [9], and for zinc 
porphin in octane [35]. It has been shown that for 
these complex molecules the limit value of HLW is 
extremely narrow (F~  10 7 Hz) and coincides with the 
radiative linewidth, that is of principal importance. 
The broadening of HLW with temperature was first 
obtained in the region of T< 30K and the dephasing 
of the excited electronic state of molecules due to 
electron-phonon coupling has been investigated [7, 10, 
39, 42-44]. The data indicate that a pseudo-local 

vibration plays an overwhelming role in the dephasing 
processes. 
Dephasing processes are quite successfully investigated 
by nonlinear optical methods (photon echo, etc.) [45]. 
Recently, for pentacene in naphthalene the difference 
between T z and 2T 1 was obtained below 2 K [46]. We 
believe that our knowledge of dephasing processes will 
be improved by comparing the experimental data 
obtained from PHB and the methods of coherent 
optics. 
The low-temperature intramolecular vibrational re- 
laxation of an excited vibronic state can be investi- 
gated when burning a hole in the IHB vibronic band. 
Some important information about the elementary 
channels of vibrational relaxation has been obtained 
this way [9, 47, 48]. 
When a hole is burned in an inhomogeneous distri- 
bution of impurities, a spectrum of holes appears, the 
position of which is shifted from the resonance at the 
frequencies of all active molecular vibrations [13, 17, 
28, 49]. On the contrary, when burning a hole in a 
vibronic band, a manifolding of holes in the pure 
electronic band is observed [471. From these experi- 
ments, besides the data on the vibrational frequencies 
of impurity molecules, a fine noncorrelation effect can 
be distinguished - a small difference in the vibrational 
frequency of guest molecules, which have coincident 
frequencies of a pure-electronic transition [11]. 
Very narrow holes were used as a probe for the 
structure of the matrix [25, 35, 391, including amor- 
phous solids [25, 43, 50]. 
From the hole burning kinetics the information about 
the photochemical reactions and the reverse processes 
can be obtained [24, 25, 27, 38], especially when the 
spectrum of the photoproduct is observed [5, 6, 21, 22, 
511. 
PHB may likely be applied to the observation of very 
small level splittings, otherwise hidden by inhomo- 
geneity [13, 521, as well as for distinguishing isotopic, 
isomeric, and other fine structures. In all these cases 
the manifolding of holes should be observed. 
In Sect. 2 we shall review the PHB application results 
obtained in our laboratory. 

1. Process of Hole-Burning 

1.1. Basic Model  

To consider the hole-burning process, particularly, the 
evolution of the hole contour in the burning process, 
we start from a simple model based on the following 
assumptions : 

(i) weak excitation providing the absence of optical 
saturation ; 
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(ii) low impurity concentration insuring the absence 
of impurity-impurity interactions, e.g. energy 
transfer; 
(iii) small optical thickness of a sample that makes 
possible its uniform irradiation by monochromatic 
light of frequency v 0 and intensity I 0 ; 
(iv) one-dimensional inhomogeneity: only the fre- 
quency of purely electronic transitions, 09, is supposed 
to vary for different impurities. The homogeneous 
spectra of absorption ~c(v-09) and luminescence 
q)(v- 09) are supposed to be shifted without any distor- 
tion of their shapes and without changes in their 
integral intensity. The latter implies a similar orien- 
tation of all impurities and equal values of the integral 
absorption cross section a, as well as quantum yields t/ 
and tly of photochemistry and fluorescence, respec- 
tively. Statistical spectral properties of such a system 
are then fully described by the generally time- 
dependent inhomogeneous distribution function (IDF) 
0(09, t); 

(v) one-photon mechanism of photochemistry; 
(vi) stability of photoproducts that guarantees the 

irreversibility of the hole burning process; 
(vii) large photochromic shift as compared to the 
width of homogeneous spectrum. This prevents the 
disturbance of the hole by the redistribution of burned- 
out impurities. 
The kinetics of hole-burning is governed then by the 
simple equation 

~(09, t) = - Ioax(Vo - 09) t/0(09, t), (2) 

which yields 

0(09, t) = 0(09, 0) exp [ -- lo,. (Vo - 09) nt]. (3) 

The spectra of excitation, Ie(V, t), and fluorescence (at 
broad-band excitation), Iy(v, t), depend on the burning 
time t and ~ire given by 

Ie(v, t) = Iarlf ~ K(v -- 09) 0(09, t) do) (4) 
- - o 0  

and 

Is(v, t) = T~rns ~ ~o(v- 09) 0(09, t) d09, (5) 

respectively, with I being the intensity of the mono- 
chromatic excitation and T the spectral density of 
broadband excitation. Here and in what follows the 
homogeneous spectra ~c and cp are supposed to be 
normalized to  unity. 
For realistic shapes of the homogeneous spectra ~c and 
cp, (4) and (5) cannot be calculated analytically; below 
we shall present the results of numerical calculations. 
However, the situation at small burning times 

t~IoaKmaxr I can easily be analysed. The difference 
spectra of excitation and fluorescence are given by 

A Ie(V , t) = Ie(V , O)-  Ie(V , t) 

~Iolff2tlrlft ~ K(v--09) K(Vo--09 ) 0(09,0)d09 (6) 
- - d o  

and 

AI s(v, t)= Is(v, 0)- Iy(v ,  t) 

~Io-[a2rlrlft ~ q)(v-09) ~C(Vo-09) 0(09,0)d09, (7) 
- - 0 0  

respectively. 
Omitting the factor Io-r/t, the right-hand side of (7) 
coincides with the formula for the selectively-excited 
fluorescence spectrum, as it is observed in fluorescence 
line narrowing experiments. The analysis given for this 
case [53, 54] applies here as well. 
Both (6) and (7) contain contributions from burning 
via NPL and PSB. However, because of the great 
difference in NPL and PSB peak intensities phonon 
sideholes become observable only when no-phonon 
holes (especially the purely electronic one) are already 
essentially saturated. Note also that for the initial IDF 
0(09,0), constant in the region of the hole, the 
excitation spectrum (6) is symmetric even for an asym- 
metric ~c. All information about the asymmetry of tr 
reveals itself only when the saturation effects become 
essential (Fig. 3). 
For model calculations homogeneous spectra are sup- 
posed to consist of narrow NPL rc o, ~o o of a Lorentzian 
shape, and broad PSB tr q~p of the form 

~ ( v -  09) 
= , f O -  ~) r ;  :(v-  09) 

[0, v - 0 9 < 0  

% ( v -  09) = ~(09-  v), 

exp [ -  (v - co)/F~], v -  09 > 0 

(8) 

where ~ is the Debye-Waller factor, and Fp character- 
izes the width of PSB. The evolution of a no-phonon 
hole in the excitation spectrum is depicted in Fig. la. 
In accordance with (6) the initial hole in the excitation 
spectrum has also a Lorentzian shape with the width 
6(0) = 2F (double homogeneous width of the absorp- 
tion line), and the depth H is proportional to the 
burning time. In the process of burning the hole 
broadening takes place and it loses its Lorentzian 
shape. In the initial stage of burning the ratio of the 
relative rates of broadening and deepening of the hole 
is 0.5 for Lorentzian NPL. The time dependence of the 
hole width 6 at small burning times is given by 

a(t) ~ 2r[1 +/I(o)t /21~ H(t) = dle(Vo, t), (9) 
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Fig. 2. Dependence of the width of the hole on the depth (in the units 
of I ~ for different relative rates W of reverse processes: W= oo 

13.4 (absence of reverse processes) (1), 15 (2), 3 (3). Curve 4 corresponds to a 
saturated hole. Circles represent experimental results for burning in 
the vibronic band at 14,779 cm- 1 of H2-tetra-4-tert.- 

0.6 butylphthalocyanine in n-nonane at 4.2 K 

i 
I aI  6 i 

Fig. 1. Evolution of no-phonon hole in the absence (a, W= ~) and 
presence (b, W= 15) of reverse processes. Burning times t = 0.5 (l), 1.2 
(2), 2.5 (3), 9 (4), 20 (5), and co (6) in the units of nF/21oa~l 

where I ~ is the N P L  contr ibut ion to the initial exci- 
tat ion spectrum. The dependence of  the hole width on 
the depth is given in Fig. 2 (Curve 1). 
The evolution of  the phonon  sideholes in the excitation 
(b) and fluorescence (c) spectra is demonstra ted in 
Fig. 3. 

1.2. R e v e r s e  Proces se s  

The account  of  reverse processes is essential when the 
pho toproduc t  is thermally unstable at the burning 
temperature or  when it is photochemicaUy unstable 
and the photochromic  shift is insufficient to avoid the 
absorpt ion of  the burning light. Supposing that the 
rate of  the reverse process is the same for all impurities, 
the kinetics are then given by 

0(09, t) = - -  K(og) 0(09, t) +/~E0(r 0) - 0(co, t)],  (10) 

where 

K(og) = loatltC(v o - co) + K o (1 1) 

and 

/~ = Io~F/~ +/~o  �9 (12) 

Here K o and /(o are the rates of  direct and reverse 
thermal reactions, respectively, ~ is the pho toproduc t  

12 ii 

-150 -IO0 -50 0 50 I00 "~- ~0 
Ie 

O.8 

b 
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0.4 

O2 

-zbo -6o -tbo 40 ~ ~o t6o -~-~o 

o.g ~ 

114 
3 

o.2 

-z -zbo -~o ~do -5'o 6 5'o 16o -~-'~o 
Fig. 3a-c. Evolution of the phonon sidehole in the spectra of 
excitation (b) and luminescence (c) for model shapes of homogeneous 
spectra (a). Debye-Waller factor ~=0.5. PSB width F~=25F. 
Burning times t= 10 (1), 50 (2), 150 (3) in the units of nF/21oarl 
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Fig. 4. Hole burning in the transmission spectrum of an optically 
dense sample with a broad-band light of spectrum 4. The initial 
density lnT(v,0)=43.4 is constant in the actual spectral region. 
Burning times t= 100 (l), 105 (2), 140 (3) in the units of (Im,xat/) -~ 
with /max being the maximum spectral density of broad-band 
excitation 

absorption cross section at the burning frequency v o, 
and g/ is the quantum yield of the reverse photore- 
action. Equation (113) applies particularly when the 
photoproduct absorbs via its broad (compared 
with the dispersion of photochromic shifts) phonon 
wings. This is, for example, the case of H2Pc in 
Shpol'ski's matrices [55]. For the Lorentzian absorp- 
tion line the evolution of no-phonon hole is depicted in 
Fig. lb. The main effect of reverse processes consists in 
reaching a stationary shape of a hole at large burning 
times, which corresponds to the stationary distribution 
O(co, oe) obtained from (7): 

O(co, oe) = Q(m, 0) K(co) + / s  (13) 

For the Lorentzian absorption line the stationary hole 
is also Lorentzian with the width 

6(oo) = r (1  + ~ W), (14) 

determined by the ratio W of the rates of selectively- 
excited (via NPL) and non-selective (via PSB and 
thermal) processes 

2I~ (15) 
W= i o ~  + Ko + K[o . 

The dependence of the width of the hole on its depth 
for different values of the parameter W is depicted in 
Fig. 2 (Curves 2 and 3). Curve 4, at which these curves 
end, corresponds to the satured stationary hole. Note 
that at equal depths the saturated hole is always 
broader. Circles in Fig. 2 correspond to the experimen- 
tal results obtained for free-base tetra-4-tert.- 
butylphthalocyanine (H2Pc*) in n-nonane. A com- 
parison with theoretical curves yields for W a value of 
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8.3, which is determined by the ratio of the vibronic 
NPL and PSB peak intensities in this system. 

1.3. Optically Dense Samples 

In the case of optically dense samples the excitation is 
no longer uniform for all impurities, its intensity 
depending on their spatial positions and burning time. 
It can be shown that if the irradiation spectrum I0(v) is 
much broader than the inhomogeneous absorption 
lines, the transmission spectrum of the sample, de- 
pendent on the burning time t, is given by 

T(v, t) = [(T- l(v, 0 ) -  1)e-*~162 + 1]- i .  (16) 

Here PSB are not taken into account. 
For a Lorentzian Io(v) the time evolution of the 
transmission spectrum is depicted in Fig. 4. Note that 
the hole width may be less than that of the line used for 
burning. 

1.4. Higher-Dimensional Inhomogeneity 

There is a lot of evidence that not only the frequencies 
of purely electronic transitions but most of the param- 
eters of homogeneous spectra (vibrational frequencies 
[11], linewidths [56], Debye-Waller factors [41], etc.) 
are affected by matrix inhomogeneity. In general, only 
a partial correlation exists between variations of dif- 
ferent parameters [57]. To take this into account a 
higher-dimensional IDF of actual parameters must be 
introduced. Formulae (4,'5) then include manifold in- 
tegration over these parameters. 
In [12] an inhomogeneous distribution of homo- 
geneous widths uncorrelated with the frequency of 
purely electronic transition was considered. This leads 
to a peculiar hole-shape that deviates from the 
Lorentzian one even in the initial stage of burning. 
For the model distribution ~(co, F )=  Q(co)~r(F), where 

1 F I < F < F  2 
I"2 -- 1"1' (17) 

Cr(F) = 0, F < f ' l , /"  > F2 

(Fig. 5a), the resulting hole shape at small burning 
times is 

r 2 -t- (12 - -  3)0) 2 
AIe~ln  (18) 

r 2 

with the width 6 = 2 ~ (Fig. 5b). 
For systems, where one has to take into account the 
light-induced reverse processes, it is also important to 
know how the transition frequencies of the initial form 
of impurity and photoproduct are correlated. A model 
for describing the hole burning in a system with two 
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quasistable impurity configurations mutually trans- 
formable via photo- or (and) dark processes was 
proposed in [38], where a phenomenological two- 
dimensional IDF Q(col,co2) was introduced (col, e)2 
being the transition frequencies in the respective im- 
purity configurations). The form of ~(col, c%) was con- 
cretized in [59] for axially symmetric impurities in a 
cubic lattice, where photoinduced transitions between 
different geometrically equivalent impurity orien- 
tations occur (e.g., O2-type molecular ions in alkali 
halids [60]). In Fig. 6 results of these calculations are 
depicted, which demonstrate the existence of only a 
partial correlation between transition frequencies in 
different orientations of the impurity. 

1.5. Impurity-Impurity Interactions 

To consider PHB in samples with high impurity 
concentration it is necessary to take into account 
impurity-impurity interactions. The influence of en- 
ergy transfer on selectively-excited luminescence spec- 
tra was considered in [61]. It can be applied to the hole 
spectra in the initial stage of burning as well. Another 
possible but less apparent effect of impurity-impurity 
interactions on PHB was considered in [59]. The 
burning out of a part of impurities is effectively 
equivalent to the creation of new defects for the 
remaining ones. The new defects act as a new source of 
inhomogeneous broadening. Considering impurities as 
interacting elastic dipoles an equation was derived to 
describe such a process: 

a~ ae IAAI o 0 ~ ~ e(co') , , 
- ~ = - J  j ~ a c o - K Q ,  Ot ABQ ~ rc Oco _ ~ c o -  co 

(19) 

where 

Q = ~ g(co) e(co, t) do ,  

and 

K(CO) = Ioar/~(v o - o) .  

AA, AB in (19) are proportional to the change of the 
elastic momentum of an impurity in the photochemical 
reaction. The effect of such quasi-static impurity- 
impurity interactions is to increase the relative rate of 
hole-broadening and to shift the hole maximum from 
the burning frequency. Particularly, when photoactive 
impurities themselves are the sole source of inhomo- 
geneous broadening, (9) is modified to 

6(t) ,~ 2F[ 1 + (0. 5 + I A A/A l)/2/(0) t/I~ (20) 

O_ 

Ira-- [ 
I i 

I 
1 i 

I 
r , W ~ 2  r2 r  

-2 -1 

a le  

0 1 2 v l ~  

Fig. 5. Model distribution of homogeneous linewidth F (a, dashed 
curve, F2/F 1 = 30) and the respective hole contour at small burning 
times (b, dashed curve) compared to a Lorentzian hole (b, solid 
curve) of the same width a=2 FI/~IF ~ 

4 

-I.-0.5 0 05 ~ l a  -I.-0.5 0 0.5 co#a 

Fig. 6a and b. Inhomogeneous distribution of transition frequencies 
m~ in an orientation of axially symmetric impurities, fixed along a 
certain C~-axis of a cubic crystal (a) and frequency distributions after 
a 90~ for fixed values of the initial frequency (b). 
Curves 1-5 correspond to arrows 1-5 in (a) 

Such hole-broadening may be remarkably effective if a 
large number of holes is burned into a inhomogeneous 
spectrum. 

1.6. Effects of Hole-Burning 
in Fluorescence Line Narrowing 

Photochemical processes can also essentially affect 
selectively-excited luminescence spectra. Particularly, a 
redistribution of intensities between NPL and the 
sideband during the excitation has been observed in 
several systems [25, 62]. This results from different 
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t.0 / N'/ 
t .103 s 

482.5 ~5.0  487.$ A, nm 
Fig. 7. Selectively-excited luminescence spectra of tetracene in a 
glassy matrix at different excitation times at 4.2 K. Inset represents 
the inhomogeneously-broadened luminescence spectrum (0-0 band 
and its 310 cm- 1 replica); the position of selective (laser) excitation is 
indicated 

burning rates at an excitation in NPL and PSB (Fig. 7). 
In this case the ratio of NPL and sideband integral 
intensities observed in selectively excited spectra does 
not correspond to the Debye-Waller factor. This may 
result in an unusual temperature dependence - an 
increase with temperature - of NPL relative intensities 
in a selectively excited spectrum. For  a model account- 
ing for light-induced redistributions between different 
conformations of photoactive impurities, it was dem- 
onstrated that the relative NPL intensity may under 
some conditions be proportional to F(T) [63]. A 
similar dependence - an increase with temperature - 
was qualitatively proposed to occur also in the tran- 
sient regime of the basic model [62]. 

2. PHB Application to Problems 
of Molecular Spectroscopy 

2.1. Homogeneous Linewi&h of Pure-Electronic 
Transition and its Temperature Dependence 

PHB was used to obtain the HLW of the pure- 
electronic S~--~S o transition of H2Pc* in crystalline 
n-tetradecane (H2Pc*-C14) [10, 42, 43]. The pure- 
electronic multiplet consists of two intensive lines 
related by a photochemical transformation (see 
Sect. 2.5), and of a few weak ones. An irradiation at a 

Ne-discharge line of 692.947 nm (0.08 cm-  1 width) 
created a hole in the inhomogeneously-broadened 
component at 693.0 nm. The HLW was determiend as 
the zero-time limit of the hole width 6(t) created at 
different irradiation times. As it follows from (9) after 
correcting for the instrumental width, this yields the 
limiting hole width of 2F. At temperatures of 6 + 30 K 
holes were detected in luminescence at instrumental 
widths of 0.1 and 0.26 cm-  1. An additional monochro- 
matization with the RC-110 Fabry-Perot interfero- 
meter (instrumental widths 0.0027 and 0.0055cm -1) 
was used for burning at lower temperatures (1.8 + 8 K), 
and holes were measured in the excitation spectra by 
scanning the same interferometer across the discharge 
line contour. Luminescence was integrally recorded at 
2>710nm.  
Data on F(T) obtained from two sets of experiments 
are depicted in Fig. 8. At 1.8 K the pure electronic 
NPL was found to be very narrow with F = 0.002 
_+ 0.0008 cm-  1. The contribution of population-decay 
processes to this value was obtained from the fluores- 
cence decay measurements: T1 =5.2ns  at 4.2K and 
5.5 ns at 77 K, i.e. it is practically temperature inde- 
pendent in the region of interest. Taking FJ!=I/T 1 
=0.001 cm-  1 as constant, one can extract the contri- 
bution to the HLW thanks to a phase relaxation 
process F• The dephasing broadening at 1.8 K is 
then F• -~ and the corresponding 
dephasing time T2= 10ns. The experimental data for 
FI(T) are presented in Fig. 8b logarithmically together 
with the theoretical curves describing the dependence 
of the phonon-induced dephasing rate on temperature. 
A theoretical approach to the contribution of pure 
dephasing processes to the HLW [64, 36] was based 
on a quadratic electron-phonon coupling and har- 
monic phonon approximation. It leads to the effect of 
Raman scattering of phonons. At low temperatures, 
when the density of phonon states can be approxi- 
mated by the Debye distribution, the dephasing 
broadening is given by Curve 1. Here the characteristic 
Debye temperature T D is taken 50 K, as follows from 
the phonon spectra of n-alkanes [2]. Curve 1 fits the 
experimental data only at high temperatures (T>~ TD). 
In the high-temperature limit the simple T 2- 
dependence should be theoretically observed. It can be 
seen that such a quadratic temperature dependence is 
in good accordance with the experimental dots at 
temperatures I O K < T < T  o. At T < 1 0 K  F(T) de- 
creases approximately as T 4. All experimental data 
can be described taking into account one kind of 
phonons only, presumably pseudolocalized phonons 
of frequency co o [65]. For  this simple single-mode case 
F• is expressed as follows: 

Fx = bn(c~ [n(coo) + 1], 
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Fig. 8a and b. HLW temperature dependence for pure-electronic transition in HzPc*-C14 in an ordinary (a) and a double-logarithmic (b) plot. 
Curves 1 and 2 are calculated using 

TDIT 

6.42(T/To) ~ ~ x6e~(e~-l)-2dx with TD=50K and (1) 
0 

0.098 n(~o) In(co) + 1] with ~o = 10 cm- 1 (2) 

where 

h~Oo 
n(coo) = ~ ekr - 1]- 1. (20) 

For  a approximation (Curve 2) we take the parameters 
co o = 8 + 12 cm - 1 and b = 0.06 + 0.19 cm-  1. The calcu- 
lated total HLW F(T)  is presented in Fig. 8a by a solid 
line. Its limit at T = 0  coincides with F ft within experi- 
mental errors. 
The indicated variation in the values of the parameters 
co o and b is not large, and it permits to estimate the 
frequency of the pseudolocalized mode and the qua- 
dratic electron-phonon coupling constant. At the 
frequency 20) 0 = 20 cm-1 a maximum in the phonon 
wing was observed in the phonon sidehole and in the 
excitation spectrum of the system, that may serve as 
additional evidence of the low-symmetry pseudolocal 
vibration, which is inactive in the allowed electronic 
transition. This vibration may be some vibrational 
mode of the impurity molecule carrying, evidently, the 

most part of the quadratic electron-phonon coupling. 
So, no interaction with the regular phonons in the low- 
temperature region of low phonon density appears 
experimentally. 

2.2. Homogeneous Linewidth in Glasses 

Recently there was some evidence that the HLW of 
some optical transitions in rare-earth ions in inorganic 
glasses are anomalousIy broad, and reveal a quadratic 
dependence on temperature at low temperatures [66]. 
This was shown to be consistent with a model de- 
veloped by Lyo and Orbach 1-67] involving an in- 
teraction of the optical transition with disorder modes 
which are known to exist in amorphous systems [68]. 
We have applied PHB in order to compare H LW and 
its temperature dependence for the S o - S t transition of 
H2Pc* in organic glass (GL, 2:5 isopropanol/ether 
mixture) in crystalline matrices (n-nonane C 9 and 
tetradecane Ct4 ) [25, 43]. An oxazine dye laser was 
used as a tunable irradiation source in the above 
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Fig. 9. Hole in the excitation spectrum of H2Pc* in different matrices 
at T= 1.8 K. (l initial spectrum before burning, 2 glassy matrix, 3 
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Fig. 10. HLW temperature dependence for purely electronic tran- 
sition in H2Pc* in 1 glass, 2 n-nonane and 3 tetradecane. Curve 4 
coincides Curve 2 in Fig. 8 

experimental setup. The irradiation intensities were 
attenuated by 40 times at switching-over from burning 
to recording, which made possible distortionless hole- 
contour measurements. It was shown that the holes in 
the spectra of H2Pc* are dependent on matrices (Fig. 9). 
The holes were the broadest in GL, where IHB was 

large (170 cm-1), and narrowest in C14 (Spol'skii ma- 
trix). In crystalline C9, where IHB was about as large 
as in GL, the holes were of intermediate width. HLW 
at 1.8K were 0.017, 0.0035, and 0.002cm -1 in GL, C9, 
and C14, respectively, which demonstrates an essential 
role of the matrix structure. The HLW temperature 
dependence for the three matrices is shown in Fig. 10. 
Rather a slow broadening was observed for the glassy 
matrix. The best fit with T 1"5+-~ is slower than that 
obtained for inorganic systems [66, 67]. The observed 
features in glasses do not qualitatively contradict the 
ordinary broadening by phonon-induced Raman de- 
phasing processes with the account of the increased 
density of low-frequency disorder modes [67, 69]. 
Because of a rather large time interval between the 
creation of a hole and its recording a temporal 
broadening due to  the rearrangement of the impurity 
surrounding in a glassy matrix is also possible. 
However, no temporal changes in the hole width were 
observed when the time of the burning-recording cycle 
was varied from 102 to 10-2s. Supposing that the 
anomalous hole width in glasses is determined by the 
transition frequency fluctuation [70-], the hole width 
yields an estimate for the amplitude of these fluc- 
tuations, which is equal to 0.05 cm-1, while the lower 
limit for the characteristic time of fluctuations is 
lO-2s. 
An anomalously large hole width in the spectra of 
aromatic molecules such as perilene, tetracene, etc. [26, 
28], obtained by NPHB in glassy matrices, can proba- 
bly be explained by the above-considered 
mechanisms. 
A high degree of the structural disorder of glassy 
matrices is expected to affect not only transition 
energies but other parameters of homogeneous spectra 
as well resulting in a higher-dimensional inhomo- 
geneity, see (1.4), which may reshape, in particular, 
hole contours, see (18). 
For  a precise measurement of hole contours a single- 
frequency dye laser CR-699-21 on rhodamine B, pro- 
viding a spectral width of about 3 MHz, was used [12]. 
Holes were burned in the spectra of Hz-tetra(tert.- 
butyl)porphirazine (TAP*) in G L  and n-hexane 
(C6). Inhomogeneous electronic bands in these mat- 
rices are structureless, with the widths of i70 and 
120cm -1, and they are located at 617 and 619nm, 
respectively. The hole contours at 1.8 K are shown in 
Fig. 11 where the dots represent the Lorentzian appro- 
ximations. The hole is Lorentzian in C 6 with 
F = 0.005 cm-  1. 
A specific hole shape was observed in GL, which 
appears to be Lorentzian in the upper part and reveals 
rather a slow decrease in the wings. This hole shape 
was interpreted as a result of the dispersion of the 
values of F. From a comparison with model calcu- 
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Fig. 11. Holes in the excitation spectra of TAP*-C6,  )~ex = 619.7 nm 
(a) and TAP*-GL,  ~.ex= 618.3 nm (b), obtained by 30-fold storage. 
Burning intensity and time are 2 g W c m  -2 and 0.3 s, respectively, 
T = I . 8 K  

lation (Fig. 5) the ratio 1~rnax//'rnin for the centres with 
coincident electronic transition frequencies was esti- 
mated to be 8 + 10. In this way the hole contour is 
formed by the HLW 0.005_<F<0.05 cm-1. It is in- 
teresting to note that the lower limit of F in GL 
coincides with that for C6, indicating the existence of 
impurities interacting weakly with the disorder modes 
of a glassy matrix. 

2.3. Homogeneous Linewidth of the Vibronic Transition 

At vibronic transitions PHB enables one to determine 
the homogeneous widths of vibronic NPL, times and 
mechanisms of vibrational relaxation. We consider 
here the temperature broadening of vibronic NPL in 
H z P c * - C  9 a t  %o + 515 c m - i  [47]. The data obtained 
by PHB for temperatures of 1.8-60 K are presented in 
Fig. 12. The temperature dependence of HLW fits 
well with the approximation F o l(T) = s + a T 2"4 + o. 2. 

An extrapolation to zero temperature gives Fol(0 ) 
= 2.8 cm- 1 yielding the lifetime of the 515 cm- 1 local 
vibration, T 1 = 1.9 ps. It is natural to suppose that the 
decay of an internal vibration in an impurity molecule 
is caused by anharmonic interactions with crystalline 
phonons and other molecular vibrations. 
The scheme of the lower vibronic levels of the HzPc* 
molecule allows one to discuss the possible ways of 
energy relaxation. There are two channels of anhar- 
monic decay which involve only one crystal phonon: 
(a) transition to the nearby 441cm -1 level with the 
creation of the 74cm -1 phonon (515=441+74) and 
(b) transition to the higher 563 cm- ~ level with the 
annihilation of the 48 cm- 1 phonon (515 = 563-  48). 
The calculated temperature dependences of the re- 
spective decay probabilities are shown in Fig. 12. 
Curve 1 corresponds to the decay channel (a); Curve 2 
results from the contributions of both channels, (a) and 
(b), supposing equal anharmonic coupling constants 
for the 441 and 563cm -1 vibrations. Both curves 
demonstrate a weak dependence of the decay probabil- 
ity on temperature at T < 6 0 K  due to a rather high 

t-Bu~-4- PcH in C~H~o 

563 

& 

I I I 

10 2'o 30 6'0 T,K 

Fig. 12. H L W  temperature dependence for %0 + 515 c m -  x vibronic 
transition in H2Pc*-C 9. Curves are calculated using 

s  = 2.8[n(0)1) + 1], 0)1 = 74 c m -  1 (1) 

s = 2.8[n(0) 0 + 1] + 2.8n(0)2), 0)2 = 48 c m -  1 (2) 

F(T) = 2.8[n(0)1) + 1] + 2.8n(0)2) 

+ 1.5[n(0)3) + 1] n(c03), 0) 3 = 20 c m -  1 (3) 

s =2.8 + 0.56 x 10 -3 .  T 2"4, (4) 

respectively. In the left inset a scheme of actual vibronic levels is 
depicted, demonstrat ing the most  probable decay channels of. 
%o + 515 c m -  x vibronic state 

frequency of phonons involved. It is obvious that, in 
addition to (a) and (b), a dephasing process which is of 
the same order of probability as the two-phonon 
decay, should also be taken into account. Since there 
are many possible combinations of phonons and local 
vibrations bringing about such processes, we incor- 
porate the broadening by two-phonon Raman scatter- 
ing only. Curve 3 summarizes the broadening of vib- 
ronic transitions by the anharmonic decay processes 
(a) + (b) and by a single-mode dephasing due to the 
scattering of the pseudolocal vibration of frequency, 
20cm-1. Curve 3 gives a rather good approximation 
for the HLW measured at T <  50 K. The deviations at 
T >  50 K indicate that other crystalline and molecular 
vibrations should be accounted. 

2.4. Inhomogeneous Broadening of Local Vibrations 

In this section impurity molecules with a fixed fre- 
quency of the pure-electronic (%o) or the vibronic (v o 1) 
transition will be shown to reveal an inhomogeneous 
distribution of frequencies of the internal vibration O 
[11]. The width of this distribution K (K' when %t is 
fixed) can be measured when comparing the widths of 
the hole burned directly at Voo , and a hole replica at 



246 L. A�9 Rebane et al. 

~=o i ~ = 515 era" Ve = 14779cm" 

0-0 0-1 

/ t.Bu~.2 .Pc H= in Cl~ e 
~,Z K 

~,~m. , , , ..:. ~ , , , 
702,5 6995 67813 675.0 

Fig. 13a-c. Schematic absorption spectrum demonstrating hole 
burning in the vibronic (0-1) band (a). Excitation spectra in the 
vicinity of %0 = Vo - 515 cm- 1 (b) and Vo i = Vo (c) after burning in the 
vibronic 0-1 band with 676.44nm laser line�9 Luminescence is 
recorded at 736.5 nm (b) and 700.9 nm (c). Upper curves demonstrate 
hole contours obtained by subtracting the lower spectra from the 
initial ones 
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Fig. 14. (a) Origin of vibrational inhomogeneity: fixation of purely 
electronic transition frequency does not fix the intramolecular 
vibration frequency. (b) Variation of  the mean frequency of 
441 cm- 1 (~1, solid circles) and 515 cm- 1 (~2, hollow circles). Lower 
the IDF is depicted 

Voo + ~2 (Case a) or when a hole is burned directly at 
Voa and has its replica at Vol - f2 (Case b). The multipli- 
cation of holes is explained by the scheme in Fig. 13. 
Supposing Lorentzian shapes for the distribution of 
vibrational frequencies and homogeneous lines, simple 
formulae may be obtained for the respective hole 
widths 

fioo =2Foo, ~$ol =Foo +Fol  + K  ; (21) 

in the case (a) and 

8;0 =Foo +Fol  + K ' ,  6;1 = 2Fol, (22) 

in the Case (b). 
Experiments were performed on HzPc*-C 9 by burning 
in the vibronic band at Vot=Voo+515cm-1  (Case b) 
with a crypton laser line. The holes and their replicas 
are shown in Fig. 13. The hole widths 8ol and 6~o were 
found to be 8 and 10cm -1, respectively�9 Neglecting 
Fo0 and taking into account the instrumental width of 
1 c m -  1 one obtains K'  = 5.8 + 0.5 c m -  1. When the 
experimental scheme (a) was realized, it yielded 
K = 6 . 3 _ _ l c m  -1. 
For  the vibrational I D F  of a Gaussian shape one 
obtains K ~ K'  ~ 8 c m -  1 Hence, monochromatic  exci- 
tation in the 0-0 region fixes the energy difference 
between the adiabatic potentials of the ground and 
excited states and does not fix their Curvatures, see 
Fig. 14a. 
It is interesting to compare the variation of molecular 
vibrational frequencies for the molecules with the same 
and with different energies of the electronic transition. 
The latter value Am was obtained from the positions of 
the vibronic NPL in luminescence measured at selec- 
tive excitation within the inhomogeneous band. The 
results of these experiments are depicted in Fig. 14. For 
the 515 cm-1  vibration a monotonous decrease of 
with the increase of Voo was observed, with the varia- 
tion A ~ = 5 c m  -1, i.e. of the order of K. 
For  the 515 cm"  1 vibration the relative magnitudes of 
both the inhomogeneous vibrational dispersion K/~ 
and the vibrational frequency variation Af2/f2 are 
close to the relative value of the electronic frequencies : 
K/~2,~A~/~,~f2/Voo'~ 1%. This indicates that vib- 
rations may be as sensitive to the inhomogeneity of 
matrix as the electronic transition is. For  the 441 c m -  1 
vibration the variation of the mean ~ within the 
inhomogeneous band is smaller: A ~ = l c m  -1. The 
respective width of the inhomogeneous vibrational 
distribution is also substantially smaller, which in- 
dicates the different influence of matrix imperfections 
on different impurity vibrations. 
F rom the fact that the vibrational inhomogeneity is 
not small relative to the H L W  Fol an important  
conclusion follows that inhomogeneous broadening 
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Fig. 15. (a)-(c) Luminescence spectra 
in the region of the 0-0 multiplet of 
H;Pc*-Cz4 at excitation with 
2=654nm, A2=4nm before (a) and 
after (b) and (c) selective (A2 = 0.4 nm) 
irradiation in components 2 (b) and 3 
(c). (d) Temporal dependence of the 
intensity of component 3 in the lumi- 
nescence spectrum, registered in the 
vibronic band at %o- 685 cm- 1 
Dark pause of 18rain is indicated 

can be completely eliminated by a resonant excitation 
only. Experiments on the laser excitation of lumines- 
cence [71, 72] give us only the upper estimate of HLW 
of vibronic transitions. 
Additional distribution of vibrational frequencies pre- 
vents the total elimination of inhomogeneous broaden- 
ing by a non-resonant monochromatic excitation. 

2.5. Investigation of Photochemical Reactions by PHB 

The nature of phototransformations in free-base por- 
phyrins is now well-known as the result of a pairwise 
displacement of inner hydrogens in the centre of the 
tetrapyrrole ring [73] but the detailed mechanism of 
the process has not yet been established. Because of the 
low symmetry of the impurity molecule environment in 
the crystal matrix two rotational tautomers in a crystal 
have different energies of local electronic states and 
different transition frequencies, which brings about the 
appearance of two components in optical spectra. 
Figure 15a shows the multiplet of the 0-0 transition 
of H2Pc* in Ct4 at 4.2 K. Two intense components, 2 
and 3, undergo mutual transformation under selective 
photoexcitation (Fig. 15b and c), demonstrating that 
they belong to the two tautomers. The dependence of 
the phototransformation rate on excitation intensity 

was estimated to be linear, while the quantum yield of 
the one-step photochemistry was obtained to be 10-3 
A dark process was found to go from the tautomer in site 
2 to that in site 3 at the rate of z - l = 0 . 5 x  10-as  -1. 
This is well observed by the kinetic curves in Fig. 15d. 
Since the tautomer in site 3 turns out to be stable in 
darkness, its energy in the electronic S o state should be 
lower than that in site 2. For  the H2Pc molecule in C s 
analogous phototransformation processes were found 
[51] but both tautomers were stable in darkness up to 
77 K, indicating a high potential barrier between the 
two minima of the S o state. This permits us to study 
the temperature dependence of phototransformation 
rates and to exclude one possible pathway of the 
reaction, viz. over electronic S 1 state. A possible 
mechanism of phototransformation for H2Pc and 
H2Pc* molecules may be the vibronic mixing of T 2 and 
T 1 states, as was proposed by Voelker and van der 
Waals for free-base porphyn [5]. 

Phototransformations of the Tetracene Molecule in 
Crystals and Glasses. In connection with the recent 
discussion on mechanisms of NPHB in the spectra of 
photochemically stable molecules in glassy matrices 
[28] we studied the kinetics of hole burning in the 
spectra of tetracene in crystalline (n-hexadecane) and 
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Fig. 16. (a) Temporal dependence of the luminescence intensity of 
tetracene in a glassy matrix, registered in the vibronic band at 
%0-310cm-1, )Lex=476.5nm, J=0.7W/cm z. (b) and (c) 
Dependences of the burning rate on irradiation intensity in glassy (b) 
and crystalline (c) matrices 

glassy (2 : 5 volume fractions isopropanol - ether mix- 
ture) matrices [25]. In both systems the inhomo- 
geneous distribution is broad and structureless. For 
hole burning a 476.5nm Ar-laser line was used in 
resonance with the 0~) band of the S o - S t transition. 
A temporal decrease of the luminescence signal re- 
gistered at NPL of the 310 cm-  a vibronic replica was 
observed in both matrices. An example of the kinetic 
curve is represented in Fig. 16a. 
The burning rate was determined as the initial relative 
slope of the kinetic curve 

k=I~ l  dt It=o" 

In a crystal the burning rate reveals a linear de- 
pendence on the excitation intensity k~I .  This in- 
dicates the one-step nature of the burning process 
whose detailed mechanism, however is, not clear yet. 
An estimation of the phototransformation quantum 
yield gave a rather small value, namely ~ 10 -8. A 

spontaneous thermal hole filling in darkness was also 
observed. These are probably the reasons why such 
phototransformations of tetracene had not been ob- 
served earlier [28]. 
In a glassy matrix a quadratic dependence of the 
burning rate on the excitation intensity k ~ I  2 was 
observed, indicating a two-step nature of the process. 
This process goes evidently via higher excited states 
with the absorption of an additional photon in the 
photoexcited S 1 or T1 state. The difference between the 
observed crystalline and glassy matrices can be ex- 
plained (a) by a lower ionization threshold of our glass 
in comparison with that of hexadecane and/or (b) by a 
more rapid diffusion of photoreaction products in a 
less rigid glassy matrix, which avoids recombination. 
Further investigations are needed to clear up definite 
reaction channels. 

2.6. PHB in Spectra of Chlorophyll-Like Molecules 

Hole burning in the spectra of chlorophyll and some of 
its closest derivatives has recently been performed 
[20-22]. A triplet state bottle-neck hole burning was 
observed in the spectrum of chlorophyll-a (Chl-a) [20] 
and protochlorophyll (PChl) [21] in ether solutions at 
4.2 K. The hole of this type was filled in accordance 
with the triplet state lifetime. 
Apart from the fast processes caused by the build-up 
and decay of the triplet state, slow hole burning 
processes were found in the spectrum of PChl [22]. 
These processes, called site interconversion, cannot be 
explained as hydrogen tautomeric transitions, because 
in PChl two hydrogen atoms are replaced by a mag- 
nesium atom. The same mechanism was found to be 
mainly responsible for the hole burning in Chl-a [213. 
A value of 0.01 cm - 1 for the width of the hole at 1.8 K 
was obtained. Holes were stable in darkness at 4.2 K. 
Site interconversions may be assigned to changes in 
the strength of the ligation to magnesium as well as to 
some peripheral groups. 
A process similar to the hydrogen tautomeric tran- 
sition was found in metal-free Chl-a, i.e. pheophytin-a 
[21]. In this molecule the two possible orientations of 
the inner hydrogen pair are not equivalent, that causes 
quite a large shift (about 500 cm-  1) of the 0.0 band of 
the new phototautomer. The fluorescence excitation 
spectrum was measured and narrow (~0.15 cm -1 at 
4.2K) holes were burned in the 0-0 band of the new 
photoproduct.  For the formation of the photo- 
tautomer a yield of 10- 3 was obtained. The lifetime of 
the S t state of the phototautomer was measured to be 
4.4 ns, while that of Pheo-a was 7.9 ns. 
Since reversible photochemistry .is a primary step in 
photosynthesis, the investigation of photochemical 
processes in vitro by the hole burning seems to be 
especially interesting. 
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3. Concluding Remarks 

The theoret ica l  and  exper imenta l  results presented  in 
this pape r  a t t empt  to demons t r a t e  the ample  possibi-  
lities of  the pho tochemica l  hole burn ing  technique.  The 
burn ing  of  n a r r o w  spectral  holes in inhomogeneous ly -  
b r o a d e n e d  opt ica l  bands  is based  on the use of  the 
inherent  proper t ies  of  an impur i ty  molecule  in solids, 
such as the existence of  na r row  n o - p h o n o n  lines in 
low- tempera tu re  spect ra  and  the ins tabi l i ty  of  the 
molecule  in an excited electronic state. This suggests a 
large number  of  systems for the possible  app l ica t ion  of  
the m e t h o d  as well as indicates  its l imitat ions.  We have 
demons t r a t ed  the possibil i t ies of  app ly ing  the hole 
burn ing  to the spectral  invest igat ions  of  large mo-  
lecules with a complex  level structure,  which are 
otherwise  l imited by  the inhomogene i ty  of  the 
systems. 
The mos t  interest ing results seem to be the exper imen-  
tal  measurements  of  the microscopic  origin of  dephas-  
ing and  v ib ra t iona l  re laxa t ion  processes. In  the case of 
complex  organic  molecules  this m e t h o d  will supply  a 
s imple p robe  of nonrad ia t ive  relaxat ion.  A compar i son  
with the co r respond ing  results ob ta ined  by  the me thods  
of  t rans ient  coherent  laser spec t roscopy  might  reveal  
some interest ing new aspects of  the problem.  
An  add i t iona l  examina t ion  of  hole fo rmat ion  kinetics 
in glassy matr ices  is p r o b a b l y  needed  to clarify the 
existence of  specific non -pho tochemica l  mechanisms  of  
pho to t r ans fo rma t ions  in glasses. 
The  exper imenta l  s tudy of  energy transfer  and  the 
Ander son  energy local iza t ion  in crystals  and  disor-  
dered  solids by  the hole burn ing  is also an i m p o r t a n t  
field requir ing  further examinat ion .  
Some of  the possible  technical  app l ica t ions  of  the hole 
burn ing  m e t h o d  have to be noted.  Hole  burn ing  can be 
app l ied  in bu i ld ing  compute r  m e m o r y  devices with 
high s torage densi ty  [74 I. Opt ica l  filters with a very 
n a r r o w  opt ica l  bandpas s  or  with a desired bandpas s  
profile can also be designed. 
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Note added in proof: Recently the hole burning at the forbidden 
S 0--+ T 1 transition in pyrene molecule in the glassy-like Br-butyl was 
observed [75]. The holewidth of 0.07 cm- 1 was obtained when the 
linewidth of resonantly excited phosphorescence was equal to 
0.01 cm- ~. This difference is apparently caused by a rearrangement of 
the impurity surrounding during the measurement cycle (~  103 s). 


