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The recovery dynamics of photochemically
labeled. mctastable sites are investigated via photochemical
hole burning in
the visible spectral range. It is shown that, in a +.s
matrix, the recover) folloxvs a logarithmic Inw. Tbc cxpcrimental
data
are interpreted with the concept of hvo-level systems (TLSs). This intcrprctation
is supportsd by tiw obsrncd
large isotope
effect. The tunneling rates for protons and deuterons and the heights of the pertinent tunneling barriers xc discussed.
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has created novel tools for inves-

tigating low-energy
excitations
in amorphous
solids.
such as the two-level systems (TLSs) [ 1 ] which have
been introduced for interpreting specific heat anomalies [2-l] and anomalies in ultrasonic absorption
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and thus to a “dip”
is ret-erred IO as the

photochemical
hole. Fig. 1 shows a photochemical
hole at 19436 cm-’ after a few minutes of laser irradiation with either a N,-pumped
dye laser or an Ar-ion
laser. The total irradiation
energ
was typically
about
100 mJ/cmz.
The insert in tip. 1 shows the hole on ar.
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enerr
scale immediately
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and deu-

several hundred
wavenumbers
above rhc reactant srare
[15].
The low-temperature
laser photochernisrr~
31 rhe

phous solids [ 1Z-141.
In the following the time dependence of the tunneling of photochemically
labeled sites of dye molecules in an amorphous

are protons

shown. that the proron transfer photochemistry
leads
to a phoroproducr
with absorbs at energies which are

cesses. The observed logarithmic decay laws of photochemical states are, for the first time, linked to the
tunneling dynamics of amorphous solids. The evidence
for tunneling phenomena is supported by isotopic effects.
Photochemical
hole burning has also been used recently for experimental
investigations
of optical relaxation processes in amorphous organic solids [7-lo]
and for measuring time dependent photochemical
changes [ 1 1]_ The theoretical understanding
of the
observed optical linewidths
is based on various models
use the notion

“sires‘-

phorochemicai
lnbcling of rhc dye sires is performed
with narrow-band
laser escitarion.
The mecha
ism oi
the laser photochemistry
is believed to be due to rhe
breaking of an intramolecular
hydrogen
bond and 111r
formation
of an intermolecular
hydrogen
bond as is

In this article the method of photochemical
hole buming (PHB) is used as a sensitive optical probing technique for measuring low-temperature
tunneling
pro-

which

The photoreactive

terium atoms of the dye molecule quinizarin (1 ,-Idihydrosyanthraquinone.
DAQ). The dye molecules
are dissolved in an alcohol glass niatris (ErOH/hleOH.
3 : 1) in a concenrration
of 2 X 10-s mole/mole.
The
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Fig. 2. Decay of the normalized hole area for the protonated
and deuterated sample at two different temperatures. The first
data point of the protonated sample at 1.35 I; corresponds to
the hole of fig. 1.

integrated hole area which is investigated in this paper,
2looo
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Fig. 1. Absorption spectrum of 1 Pdihydrosyanthraquinone
in an EtOH/hleOH (3 : 1, v/v) glassat 1.35 K. The dip at 19436
cm-’ is the photochemical hole. measured 2 min after hole
burning. An expanded scale is shown in the insert (spectrometer resolution 0.15 cm-’ ). The full circles correspond to a
calculated Lorentzian line profile.

As to the temporal changes of the photochemical
hole, there are basically two recovery mechanisms:
first, ground-state tunneling processes, corresponding

to a redistribution of sites of those optical centers (and
their microscopic environment) which were not affected
by the laser photochemistry.
These processes broaden
the photochemical hole via spectral diffusion [ 161,
yet without

changing its area. The redistribution
processes have been discussed previously in terms of the
pertinent TLS parameters [ 171. The second mechanism,
which affects the photochemical
hole, is the backreaction of the photoproduct,
i.e. the back-transfer
of the hydrogen or deuterium atom. The change in
488

is soley due to this process.
The experimental
data for the decay of the hole
area are shown in fig. 3, on a logarithmic time scale

for both, deuterated and protonated material and for
two

different temperatures. A logarithmic law describes
the decay processes within experimental
error. In our
opinion, there is an analogy between our experiments
and the experiments of Fox et al., who observe a
logarittunic recovery of the microwave echo amplitude
in AszS3 glass [ 181. A remarkable feature of the data
is the pronounced isotope effect in the decay dynamics
of the hole area.
Our discussion of the observed logarithmic recovery
process, including the isotope effect, will be based on
theories qf tunneling processes in amorphous systems:
Since the light induced proton transfer reaction is
matrix controlled, it is reasonable to introduce the
concept of photochemical
TLS, characterizing the
educt and the product ground state with a wide disttibution of barrier heights and energy asymmetries, in
analogy to the “ordinary” TLS of the glassy state.
This distribution
results in a wide variation of the back
transfer rates R of the proton or deuteron, which we
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assume to be governed by tunneling processes at the
temperatures of the experiment.
Since typical energies
of tire photochemical
TLS are known to be well above
the thermal energy of the sample, the tunneling rates
are, in our experiment,
rather independent
of the
temperature (see fig. 2). With these assumptions t!-re
distribution
of back transfer rates follows from tile
theory of TLS states in glasses [3,4,19]:
PO

PW)=y

1
R

(1)

(1 -R/Rm,J112

is the maximum relaxation
PO is a constant and R,,
rate.
It is evident tliat, for various experimental
observation times, various relaxation rates of the distribution
are probed. T!ie longer the time period f during which
one observes the system, the smaller will be the pertinent relaxation rates R of the system according to the
relation
R=

I/t.

(2)

In order to answer the question as to how many
photochemica!
states have tunneled back to the educt
state, one Iias to integrate eq. (I) and obtains the following relation
NC?

dR

JRrnax

R( 1 -R/R,,)=

R

1 + (1 - R/R,,)l/”
1 -(I

- R/Rma#?

-

(3)

11 Ma?. 19s-l

LE-I-TERS

In the tinle regime, R,& < f <R,;h.
tile normalized
hole area can be calculated from cq. (-I) as
A/Au = 1 - I!n(4R,I~,/Rmti)l-1

ln(4R,,,,r).

(3

Eq. (5) yields a logarithmic decay law with a slope determined by the ratio between the fastest and the siowest rate. Since. however. the time scale of our esperiment is long compared to R,iL\, we do not observe.
wlten we start our probing experiment
at fl. the total
hole area A,. Instead we observe just a fraction of it.
namely pdn = .4, _ Centers with R > I/r, have already
tunneled back to the educt state. and. hence. have
filled the hole to some estent. Taking this into
account by multiplying eq. (5) with p-l. we see. that
the slope of tlte logarithmic decay law is now given by
the ratio (4R,,,
/Rmin)P. This ratio is determined by
the fastest and the slowest rates wiiicli can be observed
esperime~rrollv. Since tlte fastest rate which can be
measured by our esperiment
is Rl = I/r,. we have
IR,,)”

(4R,,
Inserting
A/AI

=Rl /Rmt,, = l/r1 R,,ti

.

(6)

cq. (6) into eq. (5) \ve arrive at

= 1 -

[!n(Rt/Rmh)]-l

In(r/ft).

(7)

Eq.(7) is appropriate for evaluating our esperimenFront fig. 2, one gets the following slopes: for
the proton: 1?.14%/decade 2 6% and for thedruteron:
5_26%/decade i SZ’C.
The corresponding
ratios of the rates are:

tal data.

(R1/Rmin)H

= 1.2 X lo*.

(RI /Rmh)D

= 2.4 x

1019 .

The

It has to be pointed out. that the distribution
[eq.
(l)] of relaxation rates is not normalized. The normalization can be achieved by introducing a limiting value
corresponds to a cutoff value
forR.Ilhisva!ue,R,i,,.
in barrier heights. With this definition of R,,
and
with the total number of photochemica!
states contributing to the photochemical
hole being No, the
number of molecules being in the educt state after the
time t has elapsed, is given by

N
-=

N0

H
In

1 +( 1 - Rmin/Rm,)‘/2

1 - (1 - Rmin/Rma,)l/2
1 + (1 - l/R,,

t)l”

X In
1 -(l

- l/R,,

11
-1

r)1/2

(4)

above numerica! values should be taken as rough
estimates due to the simplicity oi the underlying
model.
It is rather interesting to discuss the very large isotope effect in some more detail. We know that the
tunnelingmatrh
element can be written as:
A0 = lrsl esp(-X)

= h R esp(-rli

IlaX’).

(8)

with h’ being detcnnindcd
Assuming that deuteration

by the TLS barrier heights.
does not change the potential distribution
of rhc glass [ 201 one can conclude
from eq. (8) that tlte deuteration effect is small for
fast rates and large for slow rates. If one were to esplain the deuteration effect on the basis of eq. (S) and
the following relation,
h = (2/n Vt#i~)l/~

d/Z ,

(9)
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one would have to assume maximum barrier heights
on the order of several 1000 cm-’ (ford = 5 A).
These maximum barrier heights are well above the
giass temperature, indicating that the glass transition
is certainly f1of determined by the highest barriers but
by low barriers which allow segments
of the glassy matrix to move thus leading fo a “decay”of barriers which
are high in the frozen state and which are lowered
during the melting process by a collective motion.
In conclusion, we have shown, that the statistical
properties of the amorphous state govern the decay
of photochemical
states. The range of the decay rates
is immense and extends over many orders of magnitudes. The experimentally
determined isotope effect
allows one IO reach conclusions about maximum barrier heights. which are well above energies corresponding to the glass temperature.
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