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PROTON MOTIONS AND HOLEBURNING MECHANISMS IN 
MOLECULAR SOLIDS 

H. Peter Trommsdorff, S. Astilean, R. Casalegno, A. Corval, 
Laboratoire de Spectrometrie Physique, associ6 au C.N.R.S. 
Universite Joseph Fourier - Grenoble I 
B.P. 87, 38402 St. Martin d’H8res cedex, FRANCE 

Abstract Holeburning mechanisms based on proton motions in or- 
ganic solids are discussed. Studies in model crystalline systems are 
used to identify and to characterize in detail processes involving me- 
thyl group spin conversion, tautomerization, and reversible hydrogen 
transfer reactions. All these mechanisms should also be operative in 
glasses. 

I NTRO DUCT1 0 N 

Spectral holeburning in condensed molecular phases at low temperatures 
has become an important topic over the past decade. Beyond its potential 
use for optical memories,1-3 this phenomenon has proven to  be the most 
useful line narrowing technique in condensed phases. The understanding of  
the reaction mechanisms leading to the bleaching of the excited dye mole- 
cule is an other interesting issue. Several mechanisms leading to  the ap- 
pearance of spectral holes have been identified and others have been sug- 
gested.2 While the situation is fairly straightforward for some photo- 
chemical processes which can occur even at the lowest temperatures 
(dissociation, ionization and electron transfer, proton transfer) other pho- 
toinduced changes are more subtle and involve rearrangements of the dye- 
host system which are not so well characterized and understood. In or- 
ganic glasses, in particular, it has been suggested that two-level tunneling 
systems are involved in the formation of holes3 but the precise nature of 
these has not been elucidated. Holeburning could always be observed in 
hydrogen bonded solids and the hole formation and evolution was shown 
to  depend strongly on deuteration, suggesting rearrangements of the hy- 
drogen bond networks.’ The complexity of the inhomogeneous distribution 
of local environments, reflected in the transition energies, reaction and re- 
laxation rates and other molecular properties (distortions of the nuclear and 
electronic structure) makes precise observations and the identification of 
specific processes more difficult in amorphous hosts. Crystalline host ma- 
terials are better adapted for such studies and can be used as model sys- 
tems for situations encountered also in glasses. The spectral information is 
simplified because of the geometrical restrictions but the range of proper- 
ties is also more limited so that situations, commonly encountered in 
glasses, may not be so easily found in a crystal. 

tals at low temperatures we have used the optical transitions of dye 
In studies of hydrogen tunneling phenomena in doped molecular crys- 
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molecules as very sensitive probes of the structure and the relaxation dy- 
namics of changes induced by the optical excitation of the dye in the (well 
defined) crystalline environment.5-14 Holeburning, fluorescence line nar- 
rowing, and time resolved spectroscopy were used to identify and to char- 
acterize proton tunneling along hydrogen bonds in benzoic acids-9 and me- 
thyl group tunneling of di-methyl-s-tetrazine in durenelo.11. In addition re- 
versible hydrogen transfer reactions between the dye and the matrix have 
been identified and characterized in these experirnents.12-14 All of these 
well defined phenomena should also occur and give rise to holeburning in 
disordered solids where any such detailed characterization is more difficult 
if not impossible. Taken in isolation, the dye chromophore is not altered after 
the excitation - relaxation cycle and these processes would be classified as 
so-called "photophysical" holeburning. In the following we shall briefly 
discuss rotational and translational proton tunneling with regard to its rele- 
vance to holeburning and describe in more detail recent results on rever- 
sible hydrogen transfer reactions which are thought to be very general 
phenomena in hydrogen bonded solids and may well be the single most 
important processesfor photophysical holeburning. 

METHYL GROUP NUCLEAR SPIN CONVERSION 

In condensed phases the rotation of a methyl group is hindered by a poten- 
tial which has intra as well as intermolecular contributions. This potential 
reduces the free rotation to torsional vibrations (librations1 around the po- 
tential minima positions. Because of tunneling through the finite barriers 
separating the potential minima the levels corresponding to these librations 
are split. Observed tunneling splittings (in the ground librational state) 
range from 5.3 cm-1, corresponding to a free rotor, to values of kHz or 
less.15n16 Because of the identity of the three protons the potential is 
strictly threefold symmetric and the tunneling levels of A and E spatial 
symmetry are associated with a nuclear spin of 3/2 and 1/2 respectively. 
Relaxation between tunneling levels of different nuclear spin ("spin conver- 
sion") is very slow at low temperatures but is accelerated by the interac- 
tion with paramagnetic species. Even at low temperatures the lowest tun- 
neling levels are thermally populated,and as upon electronic excitation the 
tunneling splitting is changed,all spectral lines are split by a value equal to 
the difference, 6, of tunneling splitting in the ground and excited electronic 
state. This small splitting is usually hidden by inhomogeneous broadening 
but was recently revealed by holeburning experiments.10111 Of particular 
interest in the present context was the observation that spin conversion is 
significantly faster in the paramagnetic triplet state, which is reached via 
intersystem crossing from the optically excited singlet state. The optical 
pumping cycle results therefore in a net transfer of population between 
tunneling levels of the selectively excited molecules producing a hole a t  the 
frequency of the laser used for burning and an enhanced absorption 
("antihole") due to the population surplus at  f 6. This hole/antihole pattern 
disappears on the scale of the spin conversion time in the ground state. 

Almost all organic glasses contain methyl groups so that this phe- 
nomenon should be quite general. In a glass the barrier heights are dis- 
tributed so that the antihole is smeared out over a frequency interval of up 
to f 5.3 cm-l and is no longer visible. When the methyl rotor is strongly 
hindered in the ground state the lifetime of the hole can be very long 
(hours to weeks at liquid helium temperatures). 
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TAUT0 MERlZATl ON 

Photoinduced proton displacements are a well established holeburning me- 
chanisms, for example in the "inner" tautomerization of free base porphyrin 
and phthalocyanine as well as in the molecule-matrix tautomerism of quiniza- 
rin.2 

The two tautomers of a carboxylic acid dimer: 

H - 0  0-H.. . 0 0"". 
I \\ I \\ 

R-C (Y C-R R-C fi C-R 
\\ I 
0-H..  0 

\\ I 
€I-0 O..... 

are related by a concerted displacement of the two acid protons. Such di- 
mers constitute a model for two-level systems as postulated in glasses. In 
a condensed phase environment the (I and B tautomers have in general dif- 
ferent energies. Their interconversion has been characterized in detail and 
is a relatively fast process occurring on a nsec time scale. At low tem- 
peratures this tautomerization was induced and monitored in benzoic acid 
crystals doped with various dye molecules.5-* Because of the short lifetime 
of the unstable tautomer this process does not lead to  the formation of 
stable spectral holes. In the centrosymmetric crystal two  equivalent dimers 
sandwich the dye. For each dimer, the energy difference, W, of the (I and 
13 tautomers is dominant so that the symmetric (I(I and 1313 configurations of 
the dimer-dye sandwich have extremal energies. 

Recently we have discovered a case where the coupling of these two  
dimers across the dye exceeds the value of W so that the polar (18 and &(I 
configurations are stabilized and lowest in energy. This level pair can be 
considered as a new two-level system. Relaxation between these levels in- 
volves the simultaneous tautomerization of two  dimers (i.e. the concerted 
motion of four protons) and is slowed down considerably. In the specific 
case of benzoic acid the rates corresponding to a "simple" (I -> 13 and to  a 
concerted a13 -> 130 tautomerization differ by over 8 orders of magnitude, 
which may be due to an unusually symmetric arrangement of the energy 
levels in this case. 

tulated in glasses one can in the same way construct a hierarchy of two- 
level systems of increasing complexity and with rates that decrease for re- 
laxation processes that require the simultaneous flipping of  two  two-level 
systems of lower order. The rates of these processes can become suffi- 
ciently slow as to provide a possible mechanism for holeburning. It remains 
to  be explored in how far these ideas do apply in glasses. 

Extending the picture to  an ensemble of two-level systems as pos- 

REVERSIBLE HYDROGEN TRANSFER 

Photoinduced, reversible hydrogen transfer reactions between the dye and 
the host lattice can also lead to  the a change of the environment of  the 
dye, displacing the transition energy and producing a spectral hole under 
selective irradiation. This mechanism was postulated to  occur in doped 
benzoic acid' where the irradiation of some guest molecules (in particular 
pentacene) leads to the appearance of spectrally well defined products cor- 
responding to the guest in a defect environment. These defect structures 
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FIGURE 1 Absorption spectra of 
pentacene in benzoic acid at 1.5 K, 
illustrating the appearance of addi- 
tional absorption lines under illumina- 
tion (marked a to f, top trace) as 
compared to a spectrum recorded in 
the dark (bottom trace). 

E 

E 

m 

1 
c1 
3 

16900 cm.l 17000 
1 

anneal spontaneously via tunneling even at the lowest temperatures on 
time scales ranging from ms to hours or more. This mechanism was ques- 
tioned on the ground that the excitation energy is not sufficient for a pro- 
ton (h drogen) transfer to occur in the isolated dye-matrix molecule com- 

solvation of the reaction intermediates and is therefore more difficult to 
evaluate. Because of the small quantum yields and the short lifetimes of 
the intermediates it has not been possible to directly resolve this issue by 
transient spectroscopy. Selective deuteration of the guest host system, on 
the other hand, offers an excellent handle on this problem. This was used 
in pentacene doped benzoic acid, which is particularly well adapted for a 
more detailed characterization. 

Figure 1 illustrates the appearance of additional pentacene absorption 
lines under irradiation. The quantum yield of producing the defect sites lies 
in the range of 10-4 to 10-5 and the lifetime of these defect sites ranges 
from seconds and less to hours. In the acid deuterated host, analogous de- 
fect sites are produced but the yields are diminished by several ( -4) or- 
ders of magnitude and the lifetimes increase by a factor of 1 0 3  and more 
(depending on the specific defect site). During the crystal growth, in the 
melt of the deuterated acid, part of the protons (up to 6 )  of pentacene are 
exchanged, so that the spectra show multiplets of lines corresponding to 
the different isotopically labelled pentacene molecules (these molecules are 
labelled Do to D6 according to the number of protons exchanged). As how- 
ever these isotopic replacements occur at random, there exist, except for 
Do and DQ, different isomers, for example two inequivalent mono-deuter- 
ated species (central position 6 or next to center position 5). As the deute- 
ration shifts of these different isomers are very similar, the corresponding 
spectral lines are not fully resolved. We have therefore also prepared, via 
synthesis, specifically labelled molecules. With these materials we have 
made the following observations: 
a) Selective irradiation of the Do to D6 lines gives rise to a distribution of 
defect sites, the relative abundances of which depend upon the isotopic 
labelling of pentacene. This is shown in Fig. 2 for the (dl,(e), and (f) defect 
sites produced by irradiation of D,, D,, and D in a deuterated host. 
b) The relative emission intensity of the Do t o g 2  lines (selective deutera- 
tion in the center of pentacene) in protonated acid does not follow the rela- 
tive abundance as measured in absorption. Figure 3 shows that the inten- 
sity ratio of absorption vs emission is smaller by a factor of about 6 for D1 
as compared to Do and D,. Such an anomaly is also observed for D3 mole- 
cules but is not seen for molecules D,, both deuterated at next to  center 
positions. 

plex.1 l However the overall energetics of the reaction must include the 
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16975 16995 

wavenumber (cm- ') 

FIGURE 2 (left) Relative intensities 
of defect site absorption lines ob- 
tained after selective irradiation of D, 
(top), D5 (middle), and D2 (bottom) 
labelled pentacene in deuterated ben- 
zoic acid. 

FIGURE 3 (bottom) Absorption and 
fluorescence of pentacene, selec- 
tively deuterated at the central posi- 
tions, in protonated benzoic acid. 

I .  . . . I . . . . I . . . *  I 

wavenumber (cm' ') 
17000 17020 

c) The yield of photoproducts is different for differently labelled molecules. 
Figure 4 shows this fact for the defect site (a) in protonated acid where 
the yield for Do is higher by a factor of more than 2 as compared to D, and 
to D for molecules deuterated in next to center positions. 
The fluorescence lifetime of pentacene is known to  vary by more than of a 
factor of two in different substitutional sites of p-terphenyl, a fact that was 
traced to a large increase of competing intersystem crossing (ISC).19120 
This large variation of the ISC rate was attributed to a distortion of pen- 
tacene, enhancing the spin-orbit coupling.*' Observation b) indicates a sig- 
nificant decrease of the fluorescence lifetime for specifically deuterated 
pentacene molecules, which in analogy with the documented site effect is 
also attributed to a change of the ISC rates. We have observed that the 
yield of photoproducts follows the relative fluorescence intensities rather 
than the triplet populating ISC rates and conclude that the reaction occurs 
out of the excited singlet state. Observations a) and c) demonstrate that 
motions of the protons of pentacene are involved in the reaction leading to 
the creation of  defect sites. 
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FIGURE 4 Absorption at the elec- 
tronic origin and at the spectral posi- 
tion of the defect sites of pentacene, 
deuterated at the next to center posi- 
tions in protonated benzoic acid. The 
sample had been homogeneously ir- 
radiated so that all isotopic species 
were equally excited. 

* 
u) c 
c .- 

17000 17020 2 
.- E-1 

16855 16865 16875 

wavenumber (cm’ ’) 

The transient abstraction by the excited pentacene of an acid proton 
(or hydrogen atom) from the benzoic acid is a model which can rationalize 
all observations made for this as well as other systems (Figure 5). The pro- 
tonated dye is highly unstable with respect to the ground state and re- 
leases the proton with significant translational energy, so that a variety of 
defect structures (corresponding to  differently displaced acid protons in the 
matrix) is created. 

Excited dye 

t Protonated dye 

Excited dye 
b Protonated dye 

hu 

Ground State 
Dye in a defect environment 

FIGURE 5 Reaction scheme leading to the production of defect 
sites by reversible proton (hydrogen) transfer reactions. 
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The population of these defect sites provides a reservoir for hole- 
burning. The efficiency of the reservoir states in holeburning depends on 
the rates of populating and depopulating them, very short lived reservoir 
states are ineffective. Upon deuteration of the host both, rates are de- 
creased, but as more reservoir states become effective the overall hole- 
burning efficiency may even increase. This was observed for example in 
durene doped with di-methyl-s-tetrazine," and was also claimed for the 
pentacene/benzoic acid system, even though in this case the triplet state 
was invoked as reservoir.18 

CONCLUSION 

All the examples discussed here have in common the fact that the dye 
molecule is not chemically altered after the spectral hole is formed. It is a 
photoinduced change of the environment that produces a shift of the tran- 
sition frequency, a phenomenon called "photophysical" holeburning. These 
processes are closely related to spectral diffusion, a process in which the 
transition energy of an optical center varies slowly in time. This variation 
may be a random walk in transition energy space for a single center and/or 
occurs in a random uncorrelated fashion for an ensemble of centers so that 
the frequency address of a class of optical centers defined by a sharp tran- 
sition energy at time zero becomes diffuse as time increases. 
Photophysical holeburning can be viewed as an optically induced spectral 
diffusion process in which the migration of the optical center is faster in 
the excited than it is in the ground state. This picture has found support in 
recent beautiful experiments on matrix isolated single molecules.22~*3 While 
we have used single crystalline matrices in order to identify and to 
characterize some of the basic mechanisms, the same processes should 
also contribute to holeburning in glasses. Single molecule spectroscopy in 
glasses will allow a similar indepth study in these complex systems as was 
done here in the ordered environment of a crystal. 

The work summarized here has emerged from a number of research pro- 
jects done in collaboration with: P. Barbara, C. von Borczyskowski, C. 
Hartmann, R.M. Hochstrasser, M. Joyeux, C. Kryschi, A. Oppenlander, H. 
Port, 6. Prass, C. Rambaud, F. Ramaz, Y. Romanovski, J.C. Vial, and was 
supported by a NATO grant (8701 291, the French-German PROCOPE 
program (92240), and research grants under the EC ESPRIT program 
(7238) and the SCIENCE program (CT92-0767). 
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