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Photophysical and photochemical molecular hole burning
theory

Harmen de Vries and Douwe A. Wiersma

Laboratory for Physical Chemistry, State University, Nijenborgh 16, 9747 AG Groningen, The Netherlands
(Received 7 August 1979; accepted 18 October 1979)

In this paper theories are given, describing photophysical and photochemical hole burning experiments on
molecular mixed crystals at low temperature. Population saturation hole burning is treated for a two-
level system where the lower level is the ground state. Hole burning due to a triplet state acting as a
population bottle neck is also described by a steady-state density matrix theory. Connection is made with
optical free induction decay. To obtain T, (the decay time of the off-diagonal elements of the density
matrix), which is the main goal of these hole burning experiments, a linear extrapolation method is
discussed. For photochemical hole burning a time-dependent density matrix treatment is given. Using this
theory numerical simulations were performed of the experimental results obtained by Volker and co-
workers for porphin in n-octane at low temperature. Good agreement with experiment is obtained. For
this case extrapolation methods are discussed in order to obtain reliable T, values. A time-dependent
kinetic theory is used to simulate the photochemical hole burning experiments on dimethyl-s-tetrazine in
durene and s-tetrazine in benzene. This theory accounts for the recently revealed two-photon character
of these photodissociations. It is shown that despite this complication the hole full width at half-

maximum may still equal twice the homogeneous width of the §,-S, transition.

. INTRODUCTION

Quite recently we reported a study of the homogeneous
width of an S, - S, transition in a molecular mixed crys-
tal [dimethyl-s-tetrazine (DMST) in durene] at low tem-~
perature! using photochemical hole burning.??® Such
electronic transitions are mostly inhomogeneously
broadened due to slight differences in the surroundings
of the guest molecules. This indeed enables study of the
homogeneous widths (dephasing times) by some kind of
hole burning technique. Following this frequency domain
experiment, these guest molecule S, - S; homogeneous
widths were also studied with coherent transient meth-
ods: photon echoes on a nanosecond* and picosecond®
timescale, and optical free induction decay (OFID). %7
A recent review on the study of homogeneous widths of
electronic transitions in large molecules at low temper-
ature is given in Ref. 8, where also preliminary results
of the present work are reported. It turned out that at
1.5 K these widths are predominantly determined by the
respective fluorescence lifetimes (r,;). This fact was
utilized by us to determine the subnanosecond fluores-
cence lifetime of s-tetrazine (ST) in benzene at low tem-
perature by photochemical hole burning.® When T,
=274,'% (T, being the decay time of the off-diagonal ele-
ments of the density matrix) and the excitation is mono-
chromatic (Av,, <«<1/7T,), in the low temperature solid
the singlet S, state is prepared, as discussed in Ref. 10.
Thus in the hole burning theories to be developed, we
can consider simple energy level schemes (of singlet and
triplet states).

There are several possibilities for the burning and
observation of holes in inhomogeneously broadened ab-
sorption line shapes in order to study the homogeneous
width of the transition under consideration. First we
mention population saturation in a two-level system.
This kind of hole burning is known in nuclear magnetic
resonance since 1947.!! In the optical domain it was
first considered in gas laser studies,!® while subse-
quently it was demonstrated in organic dye solutions at
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room temperature.'® A few years ago this kind of hole
burning was used for the first time to study a solid!*;
Ruby was investigated using an amplitude-modulated cw
ruby laser. However, the hole burning work on ruby!*!
showed that a two-level model was insufficient to ex-
plain the experimental observations. This brings us to
the hole burning caused by an intermediate level acting
as a population bottle neck. In organic molecules often
the lowest triplet state will serve as such, an early ex-
ample being considered in Ref. 16. As the triplet life-
time can be very long (~1 s), in this kind of hole burning
experiment it is possible to burn the hole first and probe
it afterwards.'” Theoretically this triplet bottle neck
hole burning has not been considered in detail although
it is contained in our molecular OFID theory.'® The
relation between theoretical hole burning and OFID re-
sults is pointed out in Secs. IT and III below. The types
of hole burning just mentioned are photophysical in na-
ture. Finally we have the case of photochemical hole
burning, where the irradiated molecules undergo, for
example, photodissociation. Permanent holes can then
be burnt from which homogeneous widths may be ob-
tained, as demonstrated in Refs. 1 and 9. It should be
noted that permanent holes may also be burnt, when irra-
diation causes a physical change in the molecular envi-
ronment (see Sec. IV). This is another type of photo-
physical hole burning.

As already mentioned, two-level saturation hole burn-
ing is known for a long time in gas phase studies, 12
These experiments have been described theoretically by
several authors, using the density matrix, or kinetic-
ally. It was always assumed that both levels could decay
spontaneously to other levels. However, for the §;- S,
transitions of interest to us, the lower level is the
ground state. In order to obtain a coherent treatment of
the different types of hole burning, it seemed appropri-
ate to us, to first discuss two-level saturation hole
burning where the lower level is the ground state. This
is done in Sec. II. In Sec. I the theory is extended, to
include triplet population bottle neck hole burning. The
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FIG. 1. Two-level model sys-
e.m. tem, subjected to saturating
fiel k21 and probe beams. Level |2)
decays by spontaneous emis-
sion (rate kyy) to the ground
S L state | 1).

work reported here was primarily started to obtain a
microscopic theory for irreversible photochemical hole
burning. Here irreversible means that the photochemi-
cal transformation does not proceed in the reverse di-
rection during the hole burning experiment. As a conse-
quence one cannot consider a closed pumping cycle and
time-dependent solutions of the equations of motion have
to be obtained (Sec. IV). To this end we have applied the
Laplace transformation technique, which in this case
often will require the solution of equations of degree 4
or higher. Studying a specific example of irreversible
photochemical hole burning one will have to perform
these solutions numerically. Despite this fact the theo-
retical method described in Secs. IV and V is applicable
to any hole burning experiment of that kind (taking into
account the particular pumping cycle under considera-
tion). In fact, the methodology used in the present paper
will also be applicable in the study of reversible (in the
sense just mentioned) photochemical or photophysical
hole burning. To determine T, of the S, - S, transition
one then may choose, for the hole burning study to be
performed, different time scales relative to the rate of
the reverse process. The design of the experiment has
to be adapted accordingly (probing simultaneous with or
after burning). Depending on which way was chosen to
solve the problem, steady-state or time-dependent theo-
ries have to be used, similar to the ones given below.
For example, already the participation of the interme-
diate triplet state in the pumping cycle discussed in

Sec. IIl may be seen as a reversible loss from the

Sy =S, level system. In this context we would like to
refer to Ref, 10, Sec. IV D, where the influence of the
triplet state upon the time and detuning dependence of
the S, population is discussed.

When the relevant kinetic and other parameters of the
specific molecular system are all known, one may pos-
sibly obtain a reliable value of T, from a comparison of
the experimental with the numerically simulated depen-
dences of the hole width against the burning power and
the burning time. An example of irreversible photo-
chemical hole burning is the study of porphin in n-oc-
tane, ¥ where the process was described in a phenome-
nological way. It seemed of interest to simulate the ex-
perimental results using our microscopic theory. Also
the triplet state should be taken into consideration here,
and we applied the density matrix theory of Sec. IV.
This is done in Sec. V A. It turns out that here T, can
be obtained by a linear extrapolation method as a func-
tion of the burning power. Other examples of irrever-
sible photochemical hole burning are the studies of
DMST in durene and ST in benzene, already mentioned
above, §Still little is known about the precise photodisso-
ciative chemical reactions taking place in these cases.
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Recently more physical insight in these processes was
obtained (two-photon character).?2? This was taken
into account in our simulations of these hole burning ex-
periments, where a time-dependent kinetic theory was
used. This can be found in Sec. VB and V C.

It should be noted that we will leave energy transfer
(spectral diffusion) processes out of consideration.

Il. TWO-LEVEL SATURATION HOLE BURNING
A. Population hole burning

In this type of experiment the sample is radiated by
two beams simultaneously: the saturating one and a non-
saturating probe beam. Theories have been developed
for gaseous samples, where the transitions under study
are inhomogeneously broadened by the Doppler effect,
implying the importance of the relative direction of the
two beams. A recent review on this saturation spec-
troscopy can be found in Ref. 23. In the literature on
this subject mostly pseudo-two-level systems are con-
sidered, where both levels can decay to other levels
(see, for example, Ref. 24).

In the study of organic dye solutions, suitable as satu-
rable absorbers in solid state (Nd glass, ruby) lasers,
the power saturation hole burning was also demonstrat-
ed.' This observation was described theoretically with
a kinetic two-level model including the effect of spectral
diffusion.?%'2®¢ We note once again that this latter effect
will not be considered in the present work.

In this paper we consider molecular mixed erystal
samples, especially the S, - S, transition of the guest
molecules. As the microscopic environments of these
molecules are slightly different, also in this case the
transitions of interest are inhomogeneously broadened.
This broadening may differ for different transitions in
the system studied, ®*2"2% in contrast to the Doppler
broadening in gases. We therefore want to note here
that in mixed crystals the applicability of saturation ex-
periments on coupled transitions will at least be severe-
ly limited, compared to the gasphase,?

First we now want to consider the two-level system of
Fig. 1, where the only decay process is the |1)~12)
spontaneous emission. Suppose we have an ensemble of
such two-level atoms embedded in a host matrix. A
monochromatic saturating beam of light is directed to
this sample, with its frequency tuned to the center of the
inhomogeneously broadened |1) - |2) transition, The
saturated absorption line shape is probed by a nonsatu-
rating monochromatic beam, traveling in the opposite
direction. We will derive a formula for the line shape
as detected by the probe beam. Applying the rotating
wave approximation we write down the following set of
equations of motion for the density matrix elements:

2 . 1\. .

Pyp = (lA ‘T)pm +3 iX(pgs — Pi11) (1)
2

P11 = RysPap + 5 EX(Bgy — P1p) (2)

Por =~ ky1Py +% IX(P1z — Pa1) @3)

P11 +Ppp=1. @)
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Here A =w -, gives the detuning between the saturating
beam angular frequency w, and the homogeneous line
center Wy * py, = py, exp| - i(w,t — kz)]?® for a saturating
beam propagating in the z direction (wave vector %).

X =1, Eo/% is the on-resonance Rabi frequency, where
E, is the absolute value of the saturating electric field
amplitude E; and p,, is the value of the component along
E, of the transition dipole moment p. T, is the phenom-
enologically added decay time of p;,. From Egs. (2)-(4)
one can easily derive an equation of motion for the quan-
tity pyy — P,,, giving the population difference. As the
decay time appearing in this equation is known as the
longitudinal relaxation time Ty, 3 we have T, =1/k,,.

It is important to note that the interaction with the
probe field is not included in these equations (see be-
low). As we want to find here the saturated population
difference, we determine the steady state solution for

P11 — Pea:

A%y
B T
P11 = Pge = , 1 T, (5)

A =1
TR,

As we consider a Gaussian inhomogeneously broadened
transition (with an FWHM of Aw,;)}, expression (5) has to
be multiplied by this line shape function:
— 2VIn2 (T, — w, )\ 2
= PO e uiinini Sk | Bt 14
W(@) =exp [ (S0 | )
where it is assumed that w; is tuned to the inhomoge-
neous line center, In order to obtain a formula for the
absorption coefficient « for the probe beam as a function
of the probe frequency w,, the expression for p;; —p,,
has to be convoluted with the Lorentzian homogeneous
line shape function®':
A2 !
1 - 77 _ 1 _
a() o [ e W(@) ——— 45, .
O [ 1 W@ - o,

A%y (wp =@y +7T )]
2

3T,
This agrees with expression (3) of Ref. 32, derived for
the case where both levels can decay to other levels.
We assume the inhomogeneous width to be much broader
than the part of the line pumped by the saturating laser,
Therefore the factor W can be taken outside the integral
and evaluated for &y =w,. The remaining integral can be
solved by contour integration, yielding:

1 M 2
@, T, (L +¥1+x%T,T,)

a(:)W(w,)| 1~
V14 x2T T, a2, TIT(l +V1 4 2T T, )
2

@)

which is identical to the result of Sargent and Toschek®
[their Eq. (17)]. A, is defined as w, - w,, the detuning
between probe and saturating frequencies. Clearly the
first factor of expression (8) gives the unsaturated ab-
sorption coefficient, while the second factor gives the
Lorentzian hole shape. -

We assume the sample to be optically thin, so the sat-
urating and probe beam intensities are essentially con-
stant across it. Then formula (8) describes directly the

1853

line shape as observed in an absorption or excitation ex-
periment,

For the FWHM of the observed hole one obtains from
(8):
2 ——
21rAV"=Aw”=§-,—(1+ 1+X*T,T,) (9)
2

a result, known in saturation spectroscopy for several
years already.?® One can make the following comments
here. First, extrapolating the measured hole width to
zero saturating power, the homogeneous width of the
transition is obtained:
2
: Ao S _op HOM

,1(%?3] Ay T, v . (10)
Second, it is interesting to note the connection between
hole burning and optical free induction decay (OFID)
spectroscopy for the two-level system?®;

2
Aw": 5 (11)

Torp
where Tqopp is the 1/e decay time of the OFID beat am-
plitude, For the depth of the hole relative to the unsat-
urated absorption value, we obtain from (8):

XT,T,

D= .
V14 X7, T, +1+X°T,T,

(12)

B. Possible complications

Thus far we have treated the population hole as burned
by a saturating beam and probed by an independent non-
saturating beam. The closely related problem of hole
burning by stimulated emission in the population of the
upper level of a maser medium was discussed by Ben-
nett.? In this paper for the first time population hole
burning in the optical domain was considered, However,
the process taking place in the sample interacting simul-
taneously with the saturating and probe beams is, in
principle, not completely described by the ‘““Bennett hole
burning,” A complete description is obtained by in-
cluding the interaction with the probe field in the equa-
tions of motion for the density matrix elements, 3436
In Refs, 32 and 33 the problem is solved uging a high-
intensity laser theory. These theories result in expres-
sions for the probe absorption coefficient, consisting of
two contributions. The first part is the population hole
burning result obtained above. The second contribution
to @ is the so called coherent part.® This second part
gives hole shapes which differ for opposing and unidirec-
tional beams, and this part becomes increasingly im-
portant as the saturating power is increased. For op-
posing beams the coherent contribution is the largest for
the case where both energy levels have identical decay
rates, but it vanishes when these rates are very differ-
ent.*'3 n the present paper we are interested in the
situation where one of the two states coupled by the ra-
diation fields is the ground state, Moreover, we assume
opposing saturating and probe beams. Therefore we can
further leave the coherent contribution to o out of con-
sideration.

To obtain reliable T, values from hole burning mea-
surements, one would require Ay, Av,<AVH°M, where

J. Chem. Phys., Vol. 72, No. 3, 1 February 1980
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Ayg and Ay, are the bandwidths of the saturating and
probe beams, respectively. When this inequality holds
one has to be concerned about the Weisskopf—Heitler
effect?™ 3 when a two-level system as that of Fig. 1,
where AyH®™=1/1T,=1/27T,, is excited by monochro-
matic light, the scattered radiation has the same band-
width as the exciting light instead of the (greater) width
Ay™©M_ This effect was experimentally demonstrated by
Gibbs and Venkatesan.® In this elastic scattering pro-
cess no real population of level |2) takes place, which
might make a population hole burning experiment im-
possible. However, for high power monochromatic ex-
citation the elastically scattered intensity becomes neg-
ligible and the scattering process is predominantly in-
elastic!®?!: level |2) is populated. As in a saturation
hole burning experiment one would necessarily use ex-
citation powers, such that X*7%/2 2 1, this experiment
is in principle very well possible.

Having discussed the two-level population saturation
hole burning and some possible complications, we now
turn to the molecular level scheme where an electronic
triplet state is lying in between the two singlet levels
coupled by the radiation fields.

1. POPULATION BOTTLE NECK HOLE BURNING

A hole burning experiment of this kind is possible
when in addition to the (inhomogeneously broadened) op-
tical transition a long living state participates in the
pumping cycle, acting as a population bottle neck. Such
long living levels are very common: for example, the
lowest triplet state, lying in between the lowest two sin-
glet states in organic molecules, and ground-state hy-
perfine levels in atoms, ions, and molecular radi-
cals. % The bottle neck effect of these levels becomes
very clear where they cause transient fluorescence sig-
nals,®!%% Also in OFID experiments these long living
levels are important, 810:18:45:48 yhile in dye lasers they
cause the lasing medium to be pumped rapidly across the
excitation point.

An early example of spectral hole burning in the con-
densed phase probably caused by population build up in a
triplet state, is given by Spaeth and Sooy'® in a study of
saturable absorbers for ruby lasers. Population hole
burning experiments where the bottle neck is formed by
ground state hyperfine levels were performed on the
1D, ~%H, transition of Pr®*: LaF,.*"™® A similar effect
has been studied for a gas phase sample of Na atoms,5°
Hole burning due to triplet state population was observed
for a frozen solution of chlorophyll a in ether.’! Recently
triplet state population hole burning was reported for F;
color centers in NaF* and for zinc porphin in n-octane.!
Also in the photochemical hole burning work of Vdlker
et al.'®% for porphin in n-octane the triplet state popu-
lation should be considered, as here the T~ S, intersys-
tem crossing (ISC) quantum yield is 0.9 (see Sec. V A).

7

In the literature quoted so far a formula relating the
hole width to the population build up in the bottle neck
level is very rare. In Refs. 54 and 55 photochemical
hole burning, where the induced molecular transforma-
tion exhibits reversibility during the experiment, is
studied (see Sec. IV) for some large organic molecules

: Molecular hole burning theory

12)
k23
e m.
K k Bx>
field| "2 B3
<> ” 32>
D
I 31

FIG. 2. Molecular model system, subjected to saturating and
probe beams. Straight and wavy arrows indicate radiative and
radiationless transitions, respectively. The part within the
circle has a greatly magnified (~ 10Y) energy scale. |3x),

| 3y), and | 3z) denote the triplet spin sublevels.

in low temperature matrices. Kinetic theories were
developed in these studies including the intermediate
triplet states. Only in Ref. 55 a hole width formula was
given for triplet state population hole burning.

We now consider the molecular level scheme of Fig.
2. Level |1) is the singlet ground state S,, 12) is the
first excited singlet state S, and |3) is the lowest trip-
let state T. Compared to Fig. 1, level |2) now has two
additional decay channels: Sy+ S, internal conversion and
T+ S, ISC (rate k,;). k,, denotes the total Sy~ 5, decay
rate (radiative plus radiationless), while the same holds
for ky;; with respect to the S, T decay. As we are con-
sidering in this paper low temperature molecular mixed
crystals, this level scheme is considered to provide a
good description of the process of interest.!® Again a
monochromatic saturating beam is directed to the sam-
ple, with w, tuned to the center of the inhomogeneously
broadened 11) - |12) transition, while a nonsaturating
monochromatic probe beam is coming from the opposite
direction. The derivation of the saturated absorption
line shape, as detected by the probe, proceeds in a sim-
ilar way as for the two-level case of Sec. II. The equa-
tions of motion for the density matrix elements for the
three-level system are:

P11 = ky1ps + k31035 +31X(Byy = Pr2) (13)

Paz = 2022+%ix(512 = Ba1) (14)

2 . 1\, .

p12=<zA ‘T_)Dlz +2 X (035 = Pyy) (15)
2

Pag = kaaPas — Ry1Pss (16)

D1y +Ppp +P33 =1 . 1m

K, is the total decay constant of level 12): K, =k, + ky3.
The other quantities have been defined earlier. The
steady state solution of Egs. (13)-(17) yields for the
1) ~ |2) population difference
A? +12—
T
P11=Pee == e
A +?2§+K .
Here K? is defined according to K% =x3(2 +A)/2T,K,,
where A =ky3/ky .18 The term K? gives rise to the com-
bined effects of power saturation (Sec. II) and triplet
bottle neck hole burning, Taking into account the three
spin-sublevels |3x), 13y), and |13z) again yields Eq.
(18), where now A=73, (kis/kf;). In a similar manner as
for the two-level system we obtain instead of Eq. (8):

(18)

J. Chem. Phys., Vol. 72, No. 3, 1 February 1980
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k? 1+“1+I~(2T}2L
- Y = z
1R Ai%(lfthT%) © o (19)
2

a(:)W(w,)]|1

Again the second factor gives the Lorentzian hole shape.
For an optically thin sample we obtain for the observed
hole FWHM from (19):

21rAy"=Aw"=-72,—(1 14 K°TY) . (20)
2
In Ref. 55 a similar formula is obtained., However,
there the second term under the square root sign con-
tains the factor (ky; + #5,)/ k5, K, instead of the factor
(2k3y +kyp3)/kyy K, in our case, The homogeneous width of
the 11) - |2) transition again can be obtained by extrap-
olating the measured hole width to zero saturating power
[Eq. (10)]. Also for the molecular model system of Fig.
2 we obtain for the connection between hole burning and
OFID' spectroscopy the relation (11);: Aw"=2/75pp.
Thus as in the case of molecular OFID!"!® from the ex-
trapolation to zero power one can obtain the §; -5, tran-
sition dipole moment or the ISC rate k,;, depending on
which of the two quantities was known already. For the
relative hole depth we now obtain, instead of (12);

D- RoT

Vi +FT§ +1+R?12 .

The bottle neck population may give rise to substantial
hole broadening already when the “pure” power broaden-
ing is not yet operative. An example where the different
kinds of hole burning are compared, is given in Sec. V
A. Note that for K, =1/T; and A =0 the three- (or five- )
level formulas for a(4,), Aw", and D reduce to the cor-
responding two-level ones. It should also be noted that,
in a similar way as for OFID, ® a linear extrapolation to
zero power may be obtained, using the relation [which
follows from (20)]:

1)

m2 m_X2+A)
1T, (A")° - 2(Ay") = 27K,

(22)
Experimentally Ay" is determined as a function of the
saturating laser power, which is proportional to Eﬁ.
For different chosen values of T, the left hand side of
Eq. (22) is plotted as a function of EZ (least squares fit
to the experimental points). When this straight line
passes the origin, the correct value of T, is obtained.
The slope of this line will give one of the quantities u,,
or k,y, when the other one is known from other experi-
ments,

Triplet-bottle neck hole burning may thus occur for a
laser power which for the corresponding two-level sys-
tem would not have been saturating (Sec. V A). There-
fore, as one still would require Av,, Ay, <Ap"°M  the
Weisskopf-Heitler effect should also be considered for
this case (compare Sec. II). Note that we consider in
this paper the case T, =27,,'%(r,, =1/K,). As already
mentioned in the Introduction the molecular level struc-
ture in the condensed phase is very well-described by the
simple picture of singlet and triplet levels of Fig. 2.
Compared to the case of Fig. 1 we have from level |2)
not only elastic (isoenergetic) light scattering but also
isoenergetically radiationless transitions. While level
|2) is still being excited, the internal conversion to SF

1855

and the ISC to T* already do take place. S}and T* are
the isoenergetic (with S,) vibronic levels of S, and T, and
are not shown in Fig. 2. In the condensed phase S} and
T* immediately (~ps®) decay by vibrational relaxation
to their respective purely electronic levels, Thus in
this case for low power with Ay, <Ap"°¥ we obtain real
population of the T state |3) and we may apply the bottle
neck hole burning theory just given.

Finally it is interesting to note that in the case of a
homogeneously broadened S; - S; transition in the solid
phase (azulene in naphthalene), where S, predominantly
decays by S,~ S, internal conversion, the Weisskopf-
Heitler effect has recently been observed. %

IV. PHOTOCHEMICAL HOLE BURNING

In the previous sections we discussed population (two-
level saturation and bottle neck) hole burning where the
molecular structure was not affected by the saturating
light. In this section, however, we consider the case
where the molecules of interest undergo photochemical
transformation, photodissociation, or possibly photo-
ionization. Some of these processes will exhibit re-
versibility while others will be irreversible. Therefore
in these cases, using a monochromatic laser beam, one
can burn holes in an inhomogeneously broadened absorp-
tion line, which may be long living (compared to the mo-
lecular level decay rates) or permanent. Thus in such
experiments it is possible to first burn a hole and sub-
sequently probe it by a scanning laser of weak intensity,
which causes negligible burning. In these photochemical
hole burning experiments the coherent contribution to «
as discussed in Sec. II will in principle be absent, As
the molecules, disappearing from the burning frequency,
no longer contribute with their homogeneous width to the
absorption line of interest, it will be clear that also
photochemical hole burning may be used to obtain the
transverse relaxation time T, for the transition studied.

The first observations of stable holes burnt in inho-
mogeneously broadened molecular transitions were re-
ported in 1974 by Kharlamov, Personov, and Bykovska-
ya® and by Gorokhovski, Kaarli, and Rebane.® In Ref.
2 perylene and 9-aminoacridine in ethanol at 4.2 K were
studied. From the burnt holes S, - 5, homogeneous
widths of ~0.4 cm™ were estimated. In Ref. 3 holes
were burnt in the 0-0 transition line of a solid solution
of H,—phthalocyanine in n-octane at 4.2 K. The holes
had an instrument limited width of ~0.2 ecm™. Photo-
chemical hole burning for an S, ~ S, transition in a mo-
lecular mixed crystal using a single-frequency cw dye
laser was reported by the present authors.! For DMST
in durene at 2 K a hole width (recorded in the excitation
spectrum) was obtained of 120 MHz (0.004 cm™),
Gorokhovski, Kaarli, and Rebane later repeated their
experiment using a narrow line ruby laser and obtained
a homogeneous width of ~0.03 cm™ for the transition
studied.*® Photochemical hole burning in the .S, ~S,
transition of free base porphin in n-octane at 4.2 K was
subsequently reported by V8lker and van der Waals, %
where pulsed and cw dye lasers were used. Results of
continued studies by authors already mentioned are pre-
sented in Refs. 9,19, 53,55,60-62. Photochemical hole
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FIG. 3. Kinetic scheme used to describe one-photon photo-
chemical hole burning upon $y — S, excitation. The loss of popu-
lation from the system due to the phototransforma tion is denoted
by k,.

burning studies performed on different systems can be
found in Refs. 52,63, 64.

It was recently also noted that a narrow band excita-
tion source may remove molecules from their original
absorption frequency within the inhomogeneous line by a
physical change in the molecular environment, 8¢ 1t
was suggested that some stable holes reported earlier®®
would also be due to such a process. When this photo-
physical hole burning is irreversible (during burning), a
theory will apply to it like that given below for photo-
chemical hole burning. Such a photophysical hole burn-
ing has also been observed in the optical spectra of
trapped electrons in organic glasses.% Recently a sim-
ilar photophysical hole burning effect was reported in the
infrared for a vibrational transition of 1, 2-difluoroeth-
ane in an Ar matrix at low temperature, %

It seems interesting to note here that the applicability
of photochemical hole burning in optical memory sys-
tems was recently patented. ®

Theoretical descriptions of photochemical (photophysi-
cal) hole burning have been given in Refs. 54 and 55.
These were steady-state kinetic theories for reversible
cases where the photo process occurs simultaneously
with the reverse process. In Ref. 19 the irreversible
(in a sense just mentioned) process is described in a
phenomenological way. We would prefer a molecular
theory for the irreversible process, where the interac-
tion with the radiation field is treated from first princi-
ples. From such a theory it should follow which extrap-
olation method is the best to obtain Tz(Av" as a function
of the burning power or the burning time).

As in Secs. II and HI, one would like to start with the
equations of motion for the density matrix elements, In
principle the photoreaction upon §; — S, excitation may
occur from different states; a vibronic S, level, the
electronic S, state or a vibronic T level. These possi-
bilities lead to different kinetic schemes. For our pur-
poses, however, the final theoretical result is indepen-
dent of the particular scheme chosen. The reason for
this is that the burning times are considered to be much
longer than the inverse of the decay rates in the system,
while for all the schemes we would take the same value
for the quantum yield from S, (@) of the photoreaction.
We therefore choose the most simple kinetic scheme ap-
plicable (Fig. 3), where the reaction takes place directly
from S,. We will consider only one triplet spin-sublevel
[3). The inclusion of three {3i) levels, however, is
straightforward.

H. deVries and D. A. Wiersma: Molecular hole burning theory

Suppose the burning laser (angular frequency wy) is
tuned to the center of the inhomogeneous line. The beam
is directed to the sample at time ¢ =0 and shut off at
t =ly,e. We have to find time-dependent solutions for the
following set of density matrix equations of motion

P11 = ky1Pyp + Ry1g3 +2 X (Byy — P1p) (23)
Pag == Kypgy +2 iX(P1y — Do) (24)
P33 = kysPys ~ Ry1Pss (25)
Bro = (=T +iA)p15 +3 iX(0g5 = pyy) (26)
Poy = (=T = iB)Byy = 2 iX(ppz = P11) - (27)

Here X =p,, E,/fi where E; is the absolute value of the
burning electric field amplitude E,. A =wy -, is the
detuning between the burning laser and the homogeneous
line center wy. K, =ky; +kyq + k4 is the total decay rate
from level |2), while ['=1/T,. The time-dependent so-
lutions of these equations are obtained using the Laplace
transformation technique, as shown in detail in the Ap-
pendix.

When the burning laser is suddenly shut off, the rela-
tive level populations are pq;(f,eqs &) Paa(forss &), and
Paslfoeey &). After the decay of the excited states, the
ground state population as a function of the detuning A
is proportional to:

P11(A) ={011(ares 8) + (1 = BI0g5Eores B) +0gs(tere, )}

where it is recalled that § was the quantum yield from S,
for the photoreaction. In addition to the remarks made
in the beginning of Sec. II on different inhomogeneous
distributions in different transitions, it is interesting to
note that here the population of level |3) is labeled ac-
cording to their |1) - 12) transition frequencies (A).

(28)

The hole in the ground state population as given by Eq.
(28) will be subsequently probed. We assume the hole
probing not to cause significant phototransformation,
power saturation or triplet population build up. One
then has to use a probe laser of low intensity, scanning
fast enough through the frequency region of interest.
Otherwise extrapolation to zero probe intensity will be
necessary. ™% The Gaussian inhomogeneous lineshape
has still to be taken into account:

W 2/Tn2A \2
= exp [_( 7o) |
where the burning frequency wy is tuned to the line cen-
ter. For the probe absorption coefficient we now obtain:

(29)

s, , (30)

1 [ 1
a(:)—"T—!Du(A)W ., 1
2 (w,-—wo) +TE
2

where w, is the probe angular frequency. Again assum-
ing optically.thin samples, expression (30) directly
gives the hole shape as observed in an absorption or ex-
citation experiment,

V. APPLICATIONS

A. Porphin in n-octane

In this case the two porphin inner hydrogens may oc-
cupy two positions. In the low temperature matrix these
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two forms may be transformed into one another using
narrowband irradiation.® It was shown to be a one-pho-
ton process. Although Vélker and van der Waals discuss
the phototransformation following 7 - S, ISC, * we can
use the model system of Fig. 3, as outlined in the pre-
vious section., Using the theory given above we per-
formed numerical simulations of porphin hole burning
experiments. We tried to reproduce the results ob-
tained by Volker et al. 19 experimentally and also con-
sidered some extrapolation methods in order to obtain
T, from such experiments.

Now the simulation program will be shortly discussed.
First the detuning of 7, relative to vy (these are the
frequencies corresponding to their respective angular
frequencies) is varied from 0 to plus and minus 500 MHz
with a resolution of 2 MHz. For each detuning value the
roots of Eq. (A9) were calculated as described in the
Appendix. Depending on all roots being real, expres-
sions (A11), (A14), and (A17) were calculated or the
corresponding expressions for the complex case. For a
certain value of the probe frequency v, the summation
corresponding to Eq. (30) was carried out for vy -7,
running from -~ 500 to +500 MHz (resolution 2 MHz).
This gives the probe absorption coefficient a(v,). To
obtain the observed hole shape, v, was varied over a
sufficiently large region (mostly from - 240 +v, MHz to
+240 +vy MHz) with a resolution of 2 MHz. Finally
plots were made of the ground state population hole [Eq.
(28)] as well as of the hole in a(v,). It should be noted
here that the inhomogeneous line shape was included in
the numerical integration (30). Thus this line shape was
taken into account more exactly than in the analytical
formulas (8) and (19).

For the kinetic parameters we chose the following
values: &y, =100 s™ ® and K, =5,94x10" s™, correspond-
ing to 74, =16.84 ns.' As @ was taken to be 0.01" we
get &, =5.94x10° s™!. Further k,, =5.88x10° s™! and
kp3 =5.292x107 57! (13) - 12) ISC yield ~90%™), while
T, =214 (Ref. 10, footnote 21) as we consider the low
temperature limit where additional dephasing mecha-
nisms are absent. It should be noted that in the simula-
tions we use monochromatic beams,

We like to obtain results which may be compared with
the experimental ones of Vilker et al. 19, as far as this
is permitted by the precision of the latter report. They
used a burning power density at the sample of 0.5 mW/
em?, This yields E2=3.67%x10° V2/m? when no local
field correction is applied. We take pu2, =0,21x1070
C2m?, '® where u is assumed to be parallel to E,. This
results in X*=6.93x10' 52, However, using this x?
value we obtain hole widths (in a) of 49.3 to 108,6 MHz
when f,,, is varied from 1 to 8 s. This is an increase
substantially larger than the 30% quoted in Ref. 19. We
get this ~30% increase for x®=2.97x10° s™2. Taking into
account the local field correction, the assumptions made
in calculating p2 and the polarization of E, relative to ¢,
this value of X% might correspond to the power density
of 0.5 mW/cm?,

Now we will present the results of the simulations. In
Fig. 4 we show an example of a ground state population
hole [p,,(A)] and the corresponding hole in @ as calcu-
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FIG. 4. Porphin in z~octane at low temperature (T, =27y).
Computer calculated holes in py;(A) (a) and in the probe ab-
sorption coefficient @ (b). These holes are obtained with a
burning time £,,, =1 s and a burning laser power x2 =5.94x10°

=2

s -,

lated by the computer program just discussed. As in-
dicated both hole shapes are Lorentzian. Note that for
the closed three-level system (Sec. III) the analytical
formulas (18) and (19) also exhibit Lorentzian holes.
Further note that the sum of the py;(A) —hole width and
the homogeneous width 1/7T,=9,45 MHz just equals the
width of the hole in a (within the limits of accuracy), as
it should be for Lorentzians.

For x%=2,97x10° s the holes in @ were calculated as
a function of the burning time ¢_,,. The results are
shown in Fig. 5. In the region 1 to 8 s, Ay* increases
linearly with ¢,,, for both burning powers. For x%=2.97
% 10° g this increase is about 30%. These findings
agree with the experimental ones, ¥°

Next, holes in a were calculated as a function of the
burning power (x¥). We also calculated Ap* as a function
of the burning power for the corresponding closed two-
level and three-level systems, using Egs. (9) and (20),
respectively. Here for ky, k3, and ky; the same values
were taken as in the porphin calculations. The only
change for the photochemical case compared to the
closed three-level system is the addition of the decay
rate k,. These burning (saturating) power dependent
results are depicted in Fig. 6. This figure shows a
beautiful comparison of the different types of hole burn-
ing as discussed in Secs. II-IV. In the x® range con-
sidered, the power term in Eq. (9) remains unimportant
compared to 1 (curve a). However, for the closed
three-level case (curve b) the triplet bottle neck already
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FIG. 5. Porphin in n-octane at low temperature (T =274).
FWHM A" (a) and relative depth D (b) of holes in the probe
absorption coefficient @, calculated as a function of the burning
time f,,. These calculations were performed for x*=2.97

x 10° s (1) and xz =5.94x10% 52 (2). The accuracy in the values
of AV" is £ 0.3 MHz and in the values of D +0. 1%.

causes considerable hole broadening. Now consider the
photochemical case. For short burning times ¢ ,,, when
the triplet bottle neck effect has not yet been fully estab-
lished, the hole remains narrower (curve c) than for the
corresponding closed three-level system. For increas-
ing burning times the photochemical hole width becomes
larger (curve d) than the steady-state width for this
closed system. The behavior of the relative hole depth
D for the cases just discussed, is shown in Fig. 7.

We now consider the question which extrapolation
method should be used to obtain T, from a series of ex-
perimental hole widths. When Ay? is measured as a
function of the burning time f,,,, it can be seen from
Fig. 5 (a) that for x*=2.97x10° s™ the straight extrapo-
lation to £,4, =0 would yield Ay*/2>1/7T,. Thus by just
measuring Av” as a function of ¢, for a certain value of

av" (MHz)

40

30

20

10t

0 A L i 1 i Y A

7
x2(100 ¢-2)
FIG. 6. Hole width (FWHM) as a function of x* using the param-
eter values for porphin in n-octane at low temperature (T,
=27,). The behaviour of the corresponding closed two-level
(a) and three-level (b) systems as well as that of the photo:
chemical case of Fig. 3 for burning times ¢,,,=0.1 s {c}and
tore =1 s {d) is shown.
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FIG. 7. Relative hole depth as a function of x° using the
parameter values for porphin in n-octane at low temperature
(T, =274). The characters (a)—(d) denote the same cases as
in Fig. 6.

X* will be insufficient to obtain an accurate value of T,.
Now consider Ay® as a function of ¥ with, for example,
lose =1 s. We applied the method discussed in Sec. III
[Eq. (22)] and plotted 77,(av")? ~ 2(Ap™ as a function of
X%. Indeed straight lines were obtained. For T,=274
it passed through the origin. It thus turns out that for
porphin the functional relationship between Ay" and x?

is similar to that for the closed three-level system [Eq.
(20)] and this extrapolation method as a function of x*
will yield a reliable value of 7,. However, as the ana~
lytical formula connecting Av® with X2 is unknown in this
case, the power extrapolation will not give a value for
lqp OT kyy as for the closed three-level system. Thus
for porphin in n-octane and for the range of parameter
values considered, a simple extrapolation method is ob-
tained, compared to what will generally be the case ac-
cording to the statement in Sec. I, paragraph four.

Summarizing, we can state that the simulation method
based upon the microscopic theory as presented above,
provides precise insight in the porphin hole burning pro-
cess, Also for temperature dependent measurements
this simulation method would yield T, (the region T,
<27,). When at low temperature the burning conditions
(xz, L,e¢) are determined (using the simulations, where-
by the problem of the local field correction is over-
come), at a higher temperature under the same condi-
tions one just has to vary T, in the simulation until the
experimentally observed Ay? is obtained.

Finally it should be noted that with a kinetic theory in-
stead of using a density matrix treatment we obtained
nearly the same results.® For D the results are identi-
cal, while Ay® for the highest burning power and longest
burning time considered [Figs. 5(a) and 6] is less than
1 MHz narrower with the kinetic treatment.

B. Dimethyl-s-tetrazine in durene

The level scheme applicable to this system will appear
to be more complex than that of Fig. 3. As a conse-
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FIG. 8. Kinetic scheme chosen for DMST in durene at low
temperature. The sawtooth arrows denote (possible) reactions

to other chemical species (intermediates). The intermediates
are denoted by Roman numbers. The scheme is further dis-
cussed in the text.

quence a kinetic treatment will be given instead of a den-
sity matrix theory like that of Sec. IV. Nevertheless the
general approach of the DMST hole burning theory is
similar to that of Sec. IV.

Our hole burning experiments on this system showed
that at 1,8 K and for a 1 s burning time Ay*~50 MHz,
which is completely determined by the 6 ns fluorescence
lifetime, *®* We assumed a one-photon dissociation pro-
cess. However, recent studies revealed?®?! that this
dissociation is accomplished by the sequential absorp-
tion of two photons. The question now arises how one
can still experimentally find Ay*~2/1T,. The answer
will be given at the end of this subsection. The informa-
tion recently obtained about this photodissociation pro-
cess?®™22 shows that it is much more complicated then
was originally assumed. Based upon this information
we use the level scheme of Fig. 8 for the hole burning
simulations, [1), 12), and |13) are the DMST S,, S,, and
T states, respectively. Probably this is still a very
simplified scheme. For instance, it is very well pos-
sible that level |4) is a vibronic level of some lower
electronic state {4’) of intermediate I, The absorption
of the second photon then would occur from 14 after
fast [4')— |4) vibrational relaxation. Also [4) might
decay to its ground state 14’*) which could have some
probability of reacting back to ground state DMST. Such
a possible pathway is indicated in Fig. 8 by the broken
arrow., However, we will use the scheme of Fig. 8,
where |4) directly absorbs the second photon, while it
may also directly react back to 12). As we consider
burning times, long compared to all inverse kinetic
rates in the system, and take some value for the overall
quantum yield of photodissociation independent of the
level scheme considered, the simulations using the
scheme of Fig. 8 will give quite realistic hole burning
results. The population of the DMST triplet state |3)
may be neglected. ” Furthermore intermediate I will
not give rise to the observed transient absorption spec-
trum, ! as it absorbs at 5875 A. Moreover I will disso-
ciate faster than in 100 ns, otherwise its absorption
would have been detected in the transient spectrum. But
the intermediate giving the transient spectrum has a
build-up time of ~6 us.? This latter intermediate is
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denoted by III in Fig. 8. The reasons why we chose the
scheme of Fig. 8 will now be clear.

We now have to write down the equations of motion for
the system in the presence of the burning field. We will
treat this problem kinetically instead of using the density
matrix. In the latter case, in the Laplace transforma-
tion procedure one would have to solve an equation of
degree 8, which might not yield stable solutions. We
therefore prefer a kinetic treatment, yielding an equa-
tion of only degree 4. Moreover, from the results ob-
tained for porphin with both methods, we expect either
treatment to yield (nearly) identical results (in princi-
ple). In the kinetic theory we encounter the induced
transition rates w, and w, for the |1y - |2) and the |4)

- |5) transition, respectively. They can be written as'®

T 1
=tz y2
1=y XTI D
! 1
3 @2)

T2y ,
we=g X TEaTLT

Formula (31) may be used for times /> T, and for mono-
chromatic excitation (Ay,,,<«1/7T,). Similar conditions
hold for w,. T} is defined as the decay time of the den-
sity matrix element p,;. A =wy — W, is the detuning from
the burning frequency of a homogeneous line center w,
in the |1) - 12) transition while A’ =w, — &} is the de-
tuning of a homogeneous center @} in the 14) ~ |5) tran-
sition. As already mentioned in the beginning of Sec. II,
the inhomogeneous broadening for different transitions
will in general be different. Therefore there may exist
a complex relationship between A and A’ (belonging to a
certain DMST molecule and the intermediate I formed
from it), or no distinct relationship at all. We will use
expression (32) for w, and study the hole burning results
for different values of the ratio A’/A, This seems the
best we can do for the moment. In fact, when 1/7T}

% Ayg, which seems quite realistic for DMST and ST,
for all molecules to be pumped from 14) to |5) this will
occur with nearly identical rates. In that case the pre-
cise distribution of A’/A values or the precise value of
the constant A’/A will be unimportant for the final re-
sult, as shown by the results below. We assume the

1) = 12) and [4) - | 5) transitions to have identical tran-
sition dipole moments. Thus X =u,Ey/ % =p:Ey/,
where E, is the absolute value of the burning electric
field amplitude E,. Expression (31) does not contain the
power broadening term (T2x%/2) in the denominator,!’ and
the same is true for expression (32). For the known
value of T,, the estimated one for x2 and the assumed
values of T}, these power broadening terms are « 1,

The equations of motion are:

Ny=w (N, = N;)+kyN, (33)
Ny =wy(Ny = Np) = K,N, + kyuN, (39)
ﬁ4=wz(Ns'N4)+ks4N5+kz4Nz‘k4zN4 35)
1:75=w2(N4—N5)—K5N5 . (36)

Here the total decay rate of 12) is K, =k,, + ky,, and that
of |5)K; =k, +ks, contains the rate (k) of loss of systems
from the absorbing ensemble, N, denotes the population
of level 11), etc. At the moment the burning starts (¢ =0)
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we have N{(0) =N and N,(0) =N,(0) =N4(0) =0. The time~
dependent solution of these equations using the Laplace
transformation technique proceeds in a similar way as
the derivation given in the Appendix. In the present case
only real solutions appear of the equation which is the
analog of (A9). For the relative level population N,/N,
etc., sums of exponentials are obtained. At the moment
the burning laser is shut off ({,,,) we have the populations
Ny/N (to,4), etc. After the decay of the excited states
the DMST ground state population as a function of de-
tuning is:

N. N N,
FI(A) = {'N‘l'(tofh a) +Fz(to!b a)

+%i(tom A)+(1- ¢d)_1]\i[—5(toff’ A)} ’ 37)

where @, is the quantum yield from |5) for dissociation.
Similar to the porphin case, we finally obtain for the
probe absorption coefficient:

a(:);lT—f %‘(A)W——i——l—tﬂu . 38)

T \2
. (@,= 5o 177
2

Assuming the probe laser to cause negligible population
of levels |2) and further, one indeed measures the ab-
sorption line shape according to (38) (optically thin
samples).

The numerical hole burning simulations using the
theoretical results just given, were performed similarly
as for the porphin case. For DMST this was done with
the same resolution (2 MHz) but a larger region of inte-
gration (summation) was taken: from +1 to~1 GHz rel-
ative to v;. Plots were made of the ground state popu-
lation hole [Eq. (37)] as well as of the hole in a(v,).

For the kinetic parameters we have to make assump-
tions in agreement with the recent experimental obser-
vations,. "% First consider the lower transition. For
the S, fluorescence lifetime 7, =1/K, we take 6 ns,™
while in the low temperature limit T, =27,, =2/K,.'° For
S, = S; a radiative lifetime was calculated of 4.5% 107
s.™ Assuming a certain amount of Sy= S, internal con-
version, we take k, =5%107 s, Further ky, =K, ~ &,,.
Less information is available about the kinetic param-
eters of intermediate I. We suggest level |5) to be a
vibronic level, exhibiting vibrational relaxation. The
quantum yield from {5) for photodissociation will be
high. ™™ We assumed §,=0.99. As a consequence the
dissociation rate k, has to be high. For k; a value of
10" s™ was taken, which still seems a low estimate. It
is furthermore assumed that kg, << by Ry, =10° 71,
These assumptions yield 1/7T3 = (K + k4,)/27 (low tem-
perature limit!®) =16.1 GHz.

In Table I results of hole burning simulations are
shown for several choices of the burning power (xz), the
relative inhomogeneous distributions in the pumped
transitions (A’/A) and the burning time f,,. It is shown
that in the low power limit Ay*~2/7T,. This is expect-
ed as 1/7T}> 1/7T,, and w, will be the same for all
members of the frequency distribution pumped from [1)
to 12). As another consequence these hole results are
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TABLE I. DMST in durene at low temperature (T, =27,). Re-
sults of the simulations of the holes in the ground state popula-
tion Ny/N(A) and in the absorption coefficient af{y,) for the
choices of the parameters indicated. The accuracy in the
FWHM values is 0.3 MHz and in the D values +0.1%. For
the inhomogeneous width of the | 1) — | 2) transition was taken
Awg=27x17.3 GHz.'

Parameters Results
Ny/N(A) alv,)
X oava fogels) ~ FWHM(MHz) FWHM(MHz)  D(%)
10!t 1 1 26.2 51.9 0.7
1042 1 1 37.9 61.8 41.2
10%? 10 1 38.4 61.3 41.1
5x 1010 1 1 26. 2 ~50 ~ 0.2
10" 1 2.5 53.6 75.8 65.0
101 1 25 29.4 54.4 15.0

nearly independent of A’/A, as shown. Note here that
A'/A =10 implies already a 14) - |5) inhomogeneous
width of = 20 GHz. For larger values of %, similar re-
sults are obtained. If 1/7T4<1/7T, was assumed, the
low power result Apt< 2/7T, was obtained, and when
1/7T4 <« 1/7T,, this became Ap*~1/7T,.

Estimating the pump rate from the purely radiative

lifetime™ and the experimental conditions, in our DMST

hole burning experiments® we probably used values of

x? in the range 10'2-10% 572,

It is shown in this subsection that although the DMST
photodissociation is a sequential two-photon process, it
is very well possible to obtain for the hole in the absorp-
tion coefficient Av"~2/7T,. When more information will
be obtained about the photodissociative mechanism, the
method of simulation presented here can be used to ob-
tain reliable T, values from accurate hole burning ex-
periments.

C. s-Tetrazine in benzene

In our hole burning experiments on this system at 2 K
we obtained a hole width (FWHM), extrapolated to zero
burning time, of 0.7+0.1 GHz.? From this width we
calculated a fluorescence lifetime of 455 ps, where a
one-photon dissociation was assumed. However, as for
DMST, the dissociation of ST in benzene at low temper-
ature was recently shown to have a sequential two-photon
character.?®?! Taking this into account, the theoretical
results given below show that one may still obtain Ay
~2/1T,.

Also for ST we will use the level scheme of Fig. 8.
Again the population of the triplet state 13) can be ne-
glected.™ The kinetic theory and the numerical simula-
tion program as used for DMST were applied for ST too.
A resolution of 50 MHz was used in the present case,
while the region of integration was taken from -17.5 to
+17.5 GHz relative to vg.

For the kinetic parameters the following values were
used. The S, fluorescence lifetime was taken to be 74,
=1/K, =450 ps,™ while the low temperature limit was
assumed: T, =27,.' For S-S, a radiative lifetime was
calculated of 4.0% 107 s,™ and a certain amount of S,
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TABLE II. ST in benzene at low temperature (Ty=27,4). Re-
sults of the simulations of the holes in the ground state popula-~
tion Ny/N A) and in the absorption coefficient e(v,) for the
choices of the parameters indicated. The accuracy in the
FWHM values is + 7 MHz and in the D values +0.1%. For the
inhomogeneous width of the | 1) — | 2) transition was taken:
Awg =27 x 24. 2 GHz.®

Parameters Results
N(/N(A) a(v,)
a'/A tort(s) FWHM(MHz) FWHM(MHz) D(%}
1 1 515 5876 12.4
10 1 475 764 11.9
10 5 590 876 44.1
10 10 735 988 62.9

~ S, internal conversion is admitted: &, =5%107 51,
Further k,, =K, — k,;. About what happens after the
[4) ~ 12) transition, for ST still less is known as for
DMST. We took kg, =10° s and @, =k,/K,=0.99,™>"
Again k, is assumed to be high (10! s™) to make the
competition with the |4)+ |5) vibrational relaxation pos-
sible. As in the case of DMST we obtain 1/7T}=16.1
GHz which again is > 1/7T,. In the ST experiments® we
probably used values of X? in the region of 10'!'-10% 572,
estimated from the purely radiative lifetime™ and the
experimental conditions.

In Table II the results of the simulations are shown for
X?=5x10' 572, In the low power limit A"~ 2/77, is
obtainable, as expected, since 1/7T}> 1/7T,. Assuming
1/7T4 < 1/7T, yields Ay*~ 1/7T, for low power. From
Tables I and II one can see that often the difference be-
tween the FWHM values of the holes in N;/N(A) and in
a(v,) is less than 1/77,, indicating the non-Lorentzian
shape of the hole in the population N,;/N(A). The results
of Table II show very good agreement with the experi-
mentally obtained hole widths: With an experimental
burning time of 5 s we obtained Ay*=0.8+0.1 GHz and
for 10 s: 0.95+0.1 GHz. We finally note here that our
simulations show, that for &, 10'2 s™ no agreement with
the experimental ST results can be obtained.

V1. CONCLUSIONS

In this paper we consider several types of hole burning
theoretically and show how these methods may be uti-
lized to obtain the homogeneous widths of optical transi-
tions that are predominantly inhomogeneously broad-
ened. We are especially interested in electronic transi-
tions of guest molecules in low temperature organic
mixed crystals, The theories are developed for simple
model systems of singlet and triplet states. For the
cases of two-level saturation and triplet bottle neck hole
burning steady-state treatments are given. The holes
so obtained are temporary. It is known that using these
types of hole burning, the same information may be ob-
tained as by the coherent transient method of OFID.
Photochemical (and related photophysical) hole burning
may lead, however, to permanent holes. Theoretical
descriptions of this method are more complicated: A
time-dependent treatment is necessary as molecules
disappear from the ensemble under consideration.

1861

We first considered a density matrix theory for two-
level systems where the lower level is the ground state.
The results agree with those obtained from gas phase
two-level theories where both levels can decay to lower
ones (more precisely with the so-called incoherent part
of these results).

For the population bottle neck hole burning a three-
level density matrix treatment was given for the first
time, although this is closely related to molecular OFID
theory.® A linear extrapolation method was discussed
to obtain T, from such hole burning experiments. This
power extrapolation may yield values for the transition
dipole moment u,, or the ISC rate k,;, as is the case for
molecular OFID. !%!® The Weisskopf-Heitler effect was
argued to have no consequences for the feasibility of
these experiments.

Next photochemical hole burning was considered,
where the photoproéess is irreversible during the exper-
iment (but the reaction may be forced in the opposite di-
rection by radiation of another wavelength). Microscop-
ic theories describing this process were not given be-
fore. We first treated the example of porphin in n-oc-
tane using equations of motion for the density matrix
elements. These were solved time dependently with the
Laplace transformation technique. The experimental
results of Vilker et al.'® were simulated numerically
and good agreement was obtained. For the porphin case
we calculated the contributions to the observed hole
width of the different types of hole burning discussed in
this paper (Fig. 6). Linear extrapolation methods were
considered, to obtain T, from porphin hole burning ex-
periments.

Photochemical hole burning applied to DMST in durene
was treated next Kinetically. Here the situation is more
complicated as the dissociation was recently found to be
a sequential two-photon process. We present numerical
simulation results using several assumptions concerning
the kinetic parameters whose values are unknown at the
moment, It is shown that, despite the two-photon char-
acter of the dissociation, it is very well possible to ob-
tain an absorption hole width Av*~ 2/7T,, as was experi-
mentally observed by us, '?

Finally photochemical hole burning of ST in benzene
at low temperature was treated in a similar way as
DMST in durene, as also ST under these conditions was
recently shown to dissociate by the sequential absorption
of two photons. For several combinations of the kinetic
parameter values it was theoretically shown that Ap”
~ 2/7T, can be obtained. For one of these combinations
good agreement was obtained with the experimental re-
sults for burning times of 5 and 10 s.

Although further experimental study of the photodis-
sociation process of the tetrazines is interesting in it-
self, for the precise interpretation of the photochemical
hole burning results such studies are necessary.

As a last point we want to note that, although the in-
terpretation of our experimental hole burning results1:9
is less simple as originally assumed, these results still
form strong evidence that with Ay, <« 1/7T, the singlet
S, state was prepared upon excitation from S,.1°

J. Chem. Phys., Vol. 72, No. 3, 1 February 1980

Downloaded 07 Feb 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1862

ACKNOWLEDGMENTS

We are grateful to Drs. G. ter Horst for translating
Ref. 55. We are indebted to the Netherlands Foundation
for Chemical Research (S.0.N.) for generous financial
support of these investigations.

APPENDIX

Here we will give the time-dependent solution of the
density matrix equations of motion (23)-(27), applying
to photochemical hole burning. At{¢=0 we have the con-
ditions p,,(0) =1 and p,,(0) =p43(0) =p1,(0) =5,,(0) =0. Now
the Laplace transformed equations of motion become:

s71 = L= lyyy + kg 73 + 3 iX 0y = 73) (Al
§7y == Kyry +3iX(ryy = ¥3,) (A2)
§7y = Ry3¥y — kgy73 (A3)
7y, = (=T +iA)r,, +%iX("’z—7’1) (a4)
s7y = (=T =ibry =S ix(ry - 7)) , (A8)

where 7,(s) is the Laplace transform of p,,(t), etc. For

7; we obtain the solution:

’, _(s+K){(s+T P+ 4% (s+;231)+% X(s+T)(s+ky) , (AB)
. f(s

where

As) = (2 + KpS){(s + T2 + A% (5 + bay) +3 X2 (25 + K;)

X (s +T)(s +kgy) = 5 X2(s + T){kgy (5 + kay) + kpghesy} . (A7)

f(s) is of the fifth degree in s. To make the inverse
Laplace transformation feasible, we like to write 7, in
the following form:

5

c
r=2, ——. (A8)
=1 5
$;=-5;5 are the roots of the equation
J(s)=0, (A9)

while the coefficients c¢,~c; are obtained using the theory
of partial fractions.™ For example,

c _((s +K2)_{(s + TP + 8%} (s +kgq) +3 X2(s + T')(s + ksx))
1 (5 = 85)(s =~ S3)(s — s)(s = S5) §=8,.

(A10)
As discussed in Sec. V A the porphin holes are simulat-
ed numerically using the present theory. In these cal-
culations Eq. (A9) was solved using the procedure
POLZEROS (available at the University of Groningen com-
puter centre). It turned out that sometimes all five
roots were real, but for slightly different conditions two
roots could be complex and could be written as s, ,=a
+ib. As a consequence c;,,=f+ig. This causes the re-
sults obtained for py(#), pa,(t), and psy(f) always to be
real, as it should be. When s, through s; are real the
solution for p;(?) is:

5
pu) =2 cettt .
=1

When, for example, s,,s;,C,, and ¢y are complex, we
obtain

(A11)
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P11(8) =c,e°t + 2% (fcosbt ~ gsinbt) + c,e®¢ 1 coe®s' . (A12)
Equations (A1)-(A5) further yield:
12
2 X(s +T)(s + kyy)
Vo = . A13
=T ) (A13)
When Eq. (A9) only has real roots, we obtain:
Paa(t) =2 X2 (cee®tf +cre2t +cge®dt 1 cyetd 1oype’st) ,  (Al4)
where
(s +T)(s + kyy)
Ce = Al5
8 ((s—sz)(s-s;,)(s—\<;4)(s—s$))s=s1 ’ (A15)

ete. When two roots s are complex the sum of two of
the exponentials in Eq. (A14) is replaced as done in Eq.
(A12). For »4(s) we get:

73:%x2kaa(s+1“) _
£(s)

For real roots s:

(A16)

1
Pas(t) =2 XPhya(cy €1 1 cpe2 +cye% +o et 4 oppe’st)
(A17)
where

s+

11 2( (s = 55)(s = 83)(s = S¢)(5 ~ 85) ) . ’

(A18)

etc. For two complex roots s, Eq. (Al7) changes as
described earlier.

Note added in proof: In a recent paper by Burland and
Haarer [IBM J. Res. Develop. 23, 534 (1979)] on the
photochemistry of DMST, a reaction scheme different
from the one in Fig. 8 is proposed. They suggest that
the observed transient absorption spectrum?! is due to
the intermediate that absorbs the second photon. This
seems unlikely in view of the fact that the two-photon
character of the photodissociation was exposed with 6
ns dye laser pulses, while the transient spectrum shows
a risetime of ~6 ps. Moreover this transient shows no
absorption at 5875 }0\., which makes this interpretation
questionable. We therefore claim that the scheme pro-
posed in Fig. 8 is closer to reality. In this context we
further wish to note that our parameter choice ky,=10°
s™! for DMST is only apparently in contradiction with the
fact that 100 ns after optical excitation intermediate I is
no longer observed in the transient absorption spectrum.
The level scheme in Fig. 8 indeed applies only to photo-
chemical hole burning experiments with burning times
>>all inverse kinetic rates.
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