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We consider photochemical hole burning of an inhomogeneous and isotropic ensemble of chromophores through 
excitation with a narrow-bandwidth source of polarized light. We derive expressions for the depth and anisotropy 
of resonant and vibronic satellite spectral holes with increasing fluence. A fit of these saturation curves to 
experimental data yields the Debye-Waller factor of the system. A simple rate equation model predicts that 
the anisotropy of a spectral hole depends only on the angle between the transition dipoles of the burnt and the 
probed transitions. In experiments with pulsed lasers strong deviations from this ideal behavior are observed. 
An extended theory including saturation gives a satisfactory description of this phenomenon and provides a new 
method for the determination of photochemical quantum yields. 

1. Introduction 
A dilute solution of chromophores in a solid amorphous host 

such as a glass or polymer can be characterized by an inhomo- 
geneous distribution of transition frequencies and an initially 
isotropic orientational distribution. Irradiation with a narrow- 
bandwidth light source, e.g., a laser, excites only molecules which 
have their transition frequency within a homogeneous line width 
from the laser frequency. The excited subensemble is anisotropic 
since the probability of excitation depends on the angle 0 between 
the light polarization vector and the transition dipole. A fraction 
3 of these excited molecules is removed from the ensemble through 
a photochemical reaction, leaving a narrow hole in the inhomo- 
geneous distribution function. The orientational distribution of 
the remaining molecules at the frequencies of this spectral hole 
is anisotropic, and the measured depth of the hole depends on the 
polarization of the probe light. The degree of polarization p is 
frequently defined as 

where Hll and HI are the hole depths measured with the probe 
light polarized parallel or perpendicular to the burning light. A 
simple rate equation model predicts 

3 cosz 6 - 1 
cosz 6 + 3 

P =  

in the limit of low burning fluence, where 6 is the angle between 
the transition dipole moments of the burnt and the probed 
transitions. This equation is known as Perrin's formula' in the 
context of fluorescence polarization. For resonant spectral holes 
burning and probing occurs on the same transition and the initial 
value of p is 112. Equation 2 suggests that for vibronic satellite 
holes p might be useful for the determination of transition dipole 
moment directions and vibrational symmetries. 

It is well-known that with increasing fluence theobserved depth 
of the zero-phenon hole approaches a limiting value which is 
smaller than the initial absorbance of the sample. Apparently 
only a fraction of the initial absorbance can be burnt. This fraction 
may be identified with the contribution from the zero-phonon 
lines. Thus the asymptotic behavior of the hole depth should 
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yield the DebyeWaller factor of the system. This saturation is 
accompanied by an increase in the width of the spectral hole and 
a decrease in the anisotropy. We found that p was already 
significantly smaller than */z for very shallow resonant spectral 
holes. When thesample wasexcited with laser pulsesof moderate 
or high intensity the values for p did not approach the value 112  
when extrapolated to zero hole depth. 

Hence it is clear that a model theory is needed that describes 
the saturation behavior of Hll and p with sufficient accuracy to 
permit a fit to the experimental data. For the case of resonant 
spectral holes and low light intensities models of this kind have 
been treated by Osad'ko et a1.,* Kahler et al.,3 and Kador et al.4 
In ref 3 the saturation of depth, width, and polarization degree 
of a resonant hole under the influence of continuous-wave (cw) 
excitation is simulated taking into account the possibility of a 
photochemical backreaction. Analytical formulas are given for 
the limits of small and very long burning times. In ref 4 the 
saturation behavior of the entire line-shape function of the zero- 
phonon hole is discussed in detail. The DebyeWaller factor is 
obtained from a plot of the hole width against the hole depth. The 
initial slope of the hole width as a function of fluence gives the 
photochemical quantum yield. 

Power effects in photochemical hole-burning are usually 
accounted for by considering the power broadening of the 
homogeneous line width of the resonantly excited transition.3.5 
In ref 3 a figure shows a simulation for the loss of anisotropy of 
a resonant hole with higher laser power. As far as we know, the 
saturation behavior of the depth and polarization of vibronic 
satellite holes has not yet been analyzed. In the following 
theoretical section we first find expressions for the anisotropic 
absorption and hole spectra in terms of the photochemically 
induced population change AN of the selectively excited sub- 
ensembleand the joint distribution functionof the two transitions 
involved in hole burning and probing. It is shown that part of 
the orientational average can be performed in a general way 
without prior knowledge of M. In the following step PN is 
calculated in the limits of weak (cw laser) excitation and intensive 
pulsed laser excitation. In the latter case the polarization degree 
does not approach Perrin's formula (eq 2) in the limit of small 
hole depth. The reason is that a single laser pulse excites a 
considerable fraction of the resonant subensemble. If all excited 
molecules would undergo photoreaction, this would lead to a deep 
hole with a correspondingly low anisotropy. Due to a small 
photochemical quantum yield, however, only a small fraction of 
this transient hole is permanently stored, albeit with the low 
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Figure 1. Level diagram for the molecular system considered. Spectral 
holes are burnt into the transition a - b (cross section ad) and are 
detected on the transition u - c (cross section am). The various paths 
for decay are indicated by wavy lines labeled with the corresponding 
decay parameter. 

anisotropy. The ratio of the observed permanent hole depth and 
the theoretical hole depth predicted for the observed initial 
anisotropy in the limit of low burning intensity is hence a measure 
of the photochemical quantum yield e. This opens an independent 
route for the determination of which does not depend on a 
precise knowledge of the laser intensity or the peak absorption 
cross section of the homogeneous lineshape. 

This theoretical model is then applied to analyze the saturation 
behavior of depth and anisotropy observed with resonant and 
satellite spectral holes burnt with a pulsed dye laser into the 
absorption spectrum of tetraphenylporphine (TPP) in poly(methy1 
methacrylate) (PMMA). The results are compared to investi- 
gations on similar systems which analyze the broadening of 
resonant spectral holes with cw-laser hole burning. Our method 
yields slightly lower values of the Debye-Waller factor and slightly 
higher values of the photochemical quantum yield. Possible 
reasons for these differences are discussed. In TPP the angle 
between transition moments is restricted to Oo and 90° by 
symmetry. A fit of the theoretical expression to the observed 
saturation of the polarization degree with increasing hole depth 
reproduces these angles with an accuracy of ca. *IO0. 

2. Theory 
2.1. Anisotropic Distribution Functions and Hole Shape. We 

consider a molecule with a ground state a, two optically accessible 
states b and c, a photoproduct stater, and a possible intermediate 
state d. Figure 1 shows the level structure and indicates the 
parameters considered for radiative and nonradiative transitions. 
The probability of finding a particular molecule in state k is Nk, 
and all molecules are initially in the ground state, Le., = 1 .  
An individual molecule is characterized by the two optical 
transition frequencies w b  and wcu and by its orientation with 
respect to the laboratory frame, expressed as the set of Euler 
angles fi = {a,@,y]. The complete ensemble of molecules is 
described by a distribution function g(fi,xy), where x = w b  - 
w L  and y = oca - u:u are the shifts of the transition frequencies 
from the center frequencies of the inhomogeneous distributions, 
w:, and w:,. We assume that hole burning does not alter the 
parameters 0. x,  and y of an individual molecule and that the 
initial orientational distribution is isotropic and statistically 
independent of the spectral distribution: 

The inhomogeneous distributions of x and y are in general not 
independent. Spectral hole burning is performed with light of 

frequency OB with polarization direction eB and photon flux FB. 
The rate constant for the excitation of a particular subset of 
molecules is 

Here u,b(w) is the homogeneous line-shape function of the 
molecules centered at wL, and eUb is a unit vector pointing into 
the direction of the molecular transition moment. We chose the 
z axis of the molecular coordinate frame along this direction so 
that e#,b = cos 8. After hole burning the population of the 
ground state Nu will be a function of x and cos 8. The new 
distribution function of the ensemble is then given by 

The particular form of the population N,(wB - x, cos 8) depends 
on themodel adopted for the hole-burning process. Several cases 
will be discussed below. 

Following hole burning the ensemble is probed with light of 
polarization ep at frequency w on the molecular transition a - 
c. If we denote the homogeneous line shape function of a molecule 
with the transition frequency &with u,(w), and the unit vector 
into the direction of the transition.dipole with e,, the absorption 
spectrum of the whole ensemble is given by 

Before hole burning (N,  = 1) the absorption spectrum is 

with the one-dimensional distribution function 

g,W = J d ~ g ( x Y )  (8) 

When the two inhomogeneous distributions are statistically 
independent (g(x,y) = gub(x) g,&)), the spectrum after hole 
burning has the same shape as before hole burning, but with a 
polarization-dependent amplitude: 

A(u,uB) = Ao(u) x(e,,e,) ( 9 )  

-VeB,ep) = 3JdQ/8r2Jdx gub(x)Nu(u, - x, cos 8)le+,J2 

(10) 

A narrow spectral hole may only be observed if the two 
inhomogeneous distributions are strongly correlated. This con- 
dition is very often fulfilled to a high degree if the two states b 
and c are vibrational substates of the same electronic state. A 
useful assumption for this case6 is that the inhomogeneous 
distributions for the electronic transition a - b and the vibrational 
energy separation b - c are independent: 

&,Y) = g,(x) g,(x - Y )  (11) 

The vibrational distribution is usually much narrower than the 
electronic distribution. When the transition frequencies of the 
two vibronic transitions are fully correlated, the vibrational 
distribution function approaches the Dirac 6 function. The hole 
spectrum is defined as the difference of the absorption spectra: 

H(o,uB) = AO(u) - A(@,uB) (12)  

When eq 1 1  is valid, the spectra can be written in the form 

H(w,wB)  = Jdz g , , ( z ) W o  - z, we) (13)  
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~ ~ ( w w B )  = J d 3 / 8 r 2 J h  ge(x)  ",(OB- 

X ,  COS 8) U J W  -x)Ie+J2 (14) 

(15) 

m a = l - N a  (16)  

~ i ( w )  = 1 / 3 J h  ge(x) U a c ( 0  - x )  

Here W(W,WB) and A ~ ( w )  apply to the case of full correlation. 
In the following we restrict our considerations to this fully 
correlated case since according to eq 13 the less correlated case 
requires only a convolution of the final result with the vibrational 
distribution function. 

The orientational average can be considerably simplified (see, 
e.g., ref 7) with the help of the relation 

Jd3/s*2f(Iegeab12)Ie+a~2 = FO + 
(3 FZ - FO)p2(e#P) p2(eabeac) ( 7, 

with the Legendre polynomials P2(x) = (3x2 - 1)/2 and 

Hence only a one-dimensional integration over q = cos /3 remains, 
and the result is valid for all possible mutual orientations of the 
light polarizations and the transition dipole moments. For the 
case of the hole spectrum of the fully correlated ensemble the 
functions Fn are given by 

(19) 

The function FO is the isotropic contribution to the line shape of 
the hole, which is measured when eB and ep form the magic angle 
of 54.7O. For a resonant hole (cab = eac) the line shape measured 
with parallel polarization of burning and probing light is = 
3F2 and with perpendicular polarization W, = 3(Fo - F2)/2. 

2.2. Limit of a Broad Inhomogeneous Distribution. Before eq 
19 can be evaluated, reasonable model assumptions have to be 
made regarding the inhomogeneous distribution function, the 
homogeneous line shape, and the photochemical change in the 
population of the ground state. The inhomogeneous distribution 
is in many cases well approximated by a Gaussian, but a knowledge 
of its particular form is not even necessary when the homogeneous 
line shape is much narrower. Then the integrand in eq 19 is 

- &. The inhomogeneous line-shape function can be considered 
constant over this range and taken outside the integral: 

different from zero only in a small region around x = X E  = W E  

Here fais the Debye-Waller factor, and both line-shape functions 
L and P are normalized to unit integral. Hence, cL is the 
integrated absorption cross section, and uzJm the area under the 
zero-phonon line. The phonon sideband has width S, and its 

maximum is shifted by 4,, with respect to the zero-phonon line. 
It is often approximated by a Gaussian. We will not assume any 
particular form but use only the fact that its width is much larger 
than I',. The hole-shape functions due to the zero-phonon lines, 
which we want to label E, are then readily distinguished from 
the broad contributions arising from the phonon sidebands. 

If ge(x) is much broader than IJ,(W) (including the phonon 
sideband), the technique to derive eq 20 can also be applied to 
the absorption spectrum before hole burning, with the result 

This opens a way for the determination of the integrated 
homogeneous cross section by integrating over the inhomogeneous 
absorption spectrum: 

The factor 3 arises since u: refers to a molecule with transition 
dipole parallel to the light polarization, whereas &(a) is the 
average cross section for the isotropic ensemble. Equation 23 
can be used to normalize the hole-shape functions: 

Hence it is seen that in the infinite burning limit, when AI?, = 
1, eq 25 reduces to 6 = f J ( n  + 1) leading to fZ = f m  for all 
polarizations. Therefore, under the conditions given above the 
asymptotic value of the relative hole depth can be interpreted as 
the Debye-Waller factor. In practical cases the condition 
necessary for the validity of eq 23 may not be fulfilled, since the 
shift 4a of the phonon sideband is often not small compared to 
the inhomogeneous width. The contribution from phonon 
sidebands to the inhomogeneous absorption band is smaller at 
the red edge and larger at the blue edge. This introduces an error 
into the determination of the Debye-Waller factor through 
extrapolation of the hole depth especially if fa is small. The 
asymptotic value of the hole depth should then be treated as an 
adjustable parameter indicating the "burnable" part of the 
absorption. 

Evaluation of the hole depth often requires deconvolution of 
the observed hole shapes with a spectrometer function. If the 
width of the hole and the spectral resolution are of comparable 
size it might be more convenient to evaluate the area under the 
normalized hole: 

This requires no knowledge of the homogeneous line-width 
parameter. 

2.3. Low-Intensity (cw) HoleBurning. Hole burning with cw 
light can be modeled as a unimolecular decay with rate constant 
k f l ,  where kx is the excitation rate given by eq 4 and is the 
quantum yield of the photochemical reaction. In the level system 
shown in Figure 1 the photoproduct stater can be populated from 
the optically pumped level b either directly or via the intermediate 
level d. This leads to the following expression for the photo- 
chemical quantum yield: 

(27) 
Ybd Ydr + r b r  C P -  

Yba + Ybd + Ybr Ydr + Yda Yba + Ybd + Ybr 

The first term accounts for the indirect decay channel. For most 
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hole-burning reactions the photochemical quantum yield is much 
smaller than 1, with the necessary consequence ybr << y h +  Y b d .  

In addition at least one of the inequalities y k  >> y~ and y d a  >> 
Y d r  must be true. The expression for Ah' in the cw model is 

W ( u B  - x ,  q )  = 1 - exp[-@ud(wB - x)Fdq2] (28) 

for the change in population. The absorption cross section ~ ( u )  
may be described by an ansatz analogous to eq 21, and for the 
modeling of the zero-phonon hole the phonon sideband is usually 
neglected. In the limit of small buming fluence FBt the exponential 
can be expanded, resulting in decoupling of the integrals over 
frequency and orientation: 

W ( w B  - @fab'9(uB - x ,  r a b ) F d 8  (29) 

1 
&@,wB) --L(o n + 3  - + raJfaJac@.~~Bt (30) 

Hence in this limit for all mutual orientations of polarizers and 
transition moments the same line shape is observed, namely, a 
Lorentzian centered at o = WE with the sum of the two 
homogeneous line widths. Insertion of eq 30 into eq 17 leads to 
Perrin's formula' for the degree of polarization p of the spectral 
hole. For larger burning fluence eq 28 can no longer be expanded 
and has to be integrated. The integration over the orientational 
variable q can be performed with the help of 

l d q  exp(-aq2) = 1/2m e r f ( 6 )  (31) 

l d q  q2 exp(-aq2) = (1 /4a) [a e r f ( 6 )  - 2 exp(-u)] 

The remaining integral over frequency was performed numerically. 
It should be noted that within the cw model the formula for 

the hole depth contains only two effective parameters, namely, 
faC and Y = CPfa6&FB/r,. The plot of p versus hole depth will 
only depend onfaC and the angle 6 between the transition dipoles, 
but not on CP or A fit to the saturation of the hole depth 
versus buming time will yield the parameter Y and the Debye- 
Waller factor fae. The parameter Y can also be obtained from 
the initial growth rate of the depth of the resonant hole: 

(33) 

The parameter u: can be obtained from the integrated absorp- 
tion spectrum (eq 24), and r a b  is one-quarter of the hole width 
at early burning times. The photochemical quantum yield CP can 
then be calculated if the photon flux FB can be measured with 
sufficient accuracy. 

2.4. Hole Burning with Intense Pulsed Lasers. In hole-burning 
experiments with pulsed laser light it was observed that the degree 
of polarization p of the resonant hole did not extrapolate to 
for zero fluence. This can be rationalized by the assumption that 
a considerable fraction of the resonant molecular ensemble is 
pumped to the excited state by a single laser pulse. If the 
photochemical quantum yield is high, this will immediately lead 
to a deep hole with corresponding loss of anisotropy. Due to a 
small quantum yield, however, only a small contribution to the 
hole is produced, but the anisotropy stored is that of the initially 
excited subensemble. 

This was modeled by integration of the rate equations 
corresponding to the level system shown in Figure 1 with a short 
light pulse of duration 7. This generates the populations N b ( 7 ) ,  

N,+(7), and N,(T) which successively decay to the levels a or r .  
The amount finally removed from the ground state by a single 

laser pulse is 

with 8 = yd,/(ydr + yda) .  The resulting fractional change 6N,/ 
No in the ground-state population may be interpreted as the 
product of CP with an effective excitation yield per laser pulse 
It, The analytical solution of the complete rate equation system 
is rather involved and will not be reproduced here. It was 
performed with the help of the computer algebra system 
REDUCE.* REDUCE also transforms the result into a FOR- 
TRAN subroutine which was incorporated into our numerical 
code for simulations and fits. 

If the lifetime of the intermediate level d is long compared to 
the pulse duration 7, the populations Nd(7) and N,(r) are generated 
solely through decay from level b, i.e. 

Hence eq 34 has the form 

(35) 

(37) 

= hbd + ybr (38) 

Comparison with eq 27 shows that 4 = @ / 7 b ,  where 76  5 l/(ya 
+ y~ + 7 b r )  is the lifetime of level b. This means that for a 
long-lived intermediate state the result is independent from the 
branching ratio ya/yMand hence the direct path of photochemical 
hole burning and the indirect path via the level d cannot be 
distinguished. 

The analytical expressions simplify considerably if the pop 
ulation of the intermediate level d and the product level r can be 
neclected during the pulse duration T .  This is likely if the pulse 
duration is short so that ( y ~  + 7a)7 << 1 (case 1). Only the rate 
equations of the two-level system ab must be solved with the 
result 

If the decay to the intermediate level dis the fastest rate constant 
( 7 ~  >> kx) so that Nb = 0 during the pump pulse and during this 
time ground-state recovery through 74, can be neglected (case 
2), the effective holebuming yield per laser pulse is 

In either case the change in the population after np laser pulses 
is given by 

ANa = 1 - exp[-n,&k>] (41) 

If y b a  << 2kx applies in case 1, both equations have the form 

AN, = 1 - exp[-?(l - exp[-bkx7])] (42) 

where b = 2 for case 1 and 6 = yw/(yh + yu + y b r )  for case 
2, the latter quantity being the triplet quantum yield @T if d is 
the triplet level. It is seen that for small pump rate kx eq 42 
reduces to the cw case (eq 28) with npr = t being the total 
irradiation time. If kxis of the same order of magnitude or even 
larger than YM, a simplified form like eq 42 cannot be found. 
Therefore, we have mostly used the FORTRAN subroutine for 
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wavenumber / cm-' 
Figure 2. Profiles of a resonant hole burnt into the electronic origin band 
of TF'P in PMMA at T = 10 K (a) observed with parallel polarization 
of burning and probe light; (b) fit of a Voigt profile with BO = 0.21 cm-l 
and = 0.61 cm-1; (c) residuals; (d-f) corresponding data for 
perpendicularly polarized burning and probing light. 

thecomplete rateequation systemand solved the twodimensional 
integration of eq 25 numerically. 

3. Experimental Section 
A solution of meso-tetraphenylporphine (TPP) in methyl 

methacrylate was thermally polymerized with azabisisobuty- 
ronitrile as radical starter (see ref 9 for details). Slices of 1.5- 
mm thickness were optically polished and glued ontoa LiF window 
mounted to the coldfinger of a closed-cycle refrigerator cryostate 
(Leybold ROK 10-300). This cryostate was modified by 
incorporating quartz windows into the heat shield which effectively 
block thermal radiation from the sample. Spectral holes were 
burnt with an excimer laser pumped pulsed dye laser (Lambda 
PhysikEMG 101 and LPD 3000) withalinewidthofca. 0.1 cm-l 
as checked with a monitor etalon. Only the central part of the 
beam was selected with an aperture. The path of the hole-burning 
laser was made collinear with that of the probe light by means 
of a moveable mirror. The same Glan polarizer could thus be 
used to polarize either the burning or the probing light. Absorption 
spectra were measured with the light of a high-pressure xenon 
arclamp (XBO 75) dispersed by a double-grating monochromator 
(Spex 1404) with a resolution of 0.08 A (0.2 cm-1). The beam 
leaving the monochromator was split intoa signal and a reference 
beam by a glass plate. The intensities of the transmitted signal 
beam and the reference beam were measured by photon counting. 
The resulting signal-to-noise ratio corresponds to an accuracy of 
0.002 optical density units. 

4. Results and Discussion 
4.1. Resonant Holes at Low Burniag Intensity. Narrow- 

bandwidth excitation at 10 K into the lowest energy absorption 
band of TPP in PMMA (center wavenumber 15 576 cm-l) leads 
to permanent spectral holes. The photochemical process can be 
attributed to a tautomerization of the two inner protons as in the 
parent compound porphine. Figure 2 shows the profiles of a 
resonant hole observed with the probe light polarized parallel 
(curve a) and perpendicular (curve d) to the polarization of the 
hole-burning light. Fits of a Voigt profile with the Gaussian 
line-width parameter fixed at the spectrometer resolution (0.21 
cm-1) are shown as curves b and e. As judged from the residues 
(curves c and f )  the agreement with experiment is excellent. The 
Lorentzian line-width parameter of the fit is BL = 0.61 cm-l. 
From the relative hole depths HI - 0.149 and HI = 0.058 the 
polarization degree p = 0.44 is obtained, a value significantly 
lower than the value p = 0.5 expected for a shallow resonant hole. 

d 
z 0 . s  

4 

0.0 

1 I 

laser pulses 
Figure 3. Saturation of the relative hole depth of the resonant spectral 
hole in the electronic origin band of TPP in PMMA at T = 10 K. Circles 
and squares refer to Hi and HI. One laser pulse corresponds to a fluence 
of IT = 0.67 pJ cm-2. Upper curve: fit of eq 28 (four-layer model) to 
the data for Hi withfd = 0.54 and YT = @jdopBr/I'd = 1.2 X lo-.". 
Lower curve: simulation with the same parameters for HI. 

Figure 3 shows theobservedsaturation behavior for the relative 
hole depths Hll and HI as a function of the number of laser pulses 
used for burning. The fluence delivered with each laser pulse of 
8-ns duration was ca. 0.67 pJ/cm2, corresponding to an intensity 
of 84 W/cm2. A fit of the cw model (eqs 25 and 28) to Hi is 
shown as the upper solid line in Figure 3. Since the initial optical 
density at the burning frequency was 1.5, attenuation of the 
burning beam was not negligible. In the numerical calculation 
the sample was approximated by a sequence of four optically thin 
layers. The burning intensity for each layer was taken as the 
fraction transmitted by the preceding layers. The parameters 
obtained from the fit are the DebyeWaller factor fab = 0.54 f 
0.06 and YT = 'Pfabu:#'!T/I'& = 1.2 X l t 3 .  The lower solid line 
in Figure 3 is a simulation for HI with these same parameters. 
It is obvious that the same parameters describe both saturation 
curves very well. Hence the saturation of p is also well described 
(see Figure 4 below). Similar experiments performed at other 
temperatures revealed a small temperature dependence of the 
Debye-Waller factor. The values obtained were fob = 0.42 f 
0.05 at T = 16 K and fob = 0.40 f 0.05 at T = 21 K .  

Integration of the first absorption band of TPP according to 
eq 24 yields 8 = 4.4 X 10-3 cm2/s. From the fluence given above 
a dose of FBT = 2.2 X 10l2 photons/cm2 and pulse is calculated. 
Together with = 0.12 cm-1 obtained from the width of the 
holes at lowest fluences this leads to CP = 6 X l t 3 ,  The main 
source of error in this value is the uncertainty in the absolute 
value of the photon flux. 

4.2. Effect of High Burning Intensity. When hole burning 
was performed with pulses of higher intensity, considerable 
deviations from the cw model were observed. The relative hole 
depth still extrapolated to the DebyeWaller factor, but the 
polarization degree indicated a considerable bleaching of the 
anisotropy of the spectral holes even in the limit of zero fluence. 
This is exemplified in Figure 4, where the result of a low-intensity 
experiment (circles, ZT = 0.67pJ/cm2) is compared to two 
experiments with higher intensity (squares, ZT - 13pJ/cm2; 
triangles, ZT = 24 pJ/cm2). The dashed line in Figure 4 is a 
simulation based on the cw model for an optically thin sample; 
curve a was calculated for a sample with optical density 1.5 
approximated by four layers. Only the first set of experimental 
data agrees with the predictionof thecw model. Note that within 
the cw model the plot p vs Hi does not depend on any of the 
parameters 'P, u:, I'd, FB, or T .  

The loss of anisotropy could be the result of orientational or 
spectral diffusion caused by heating of the sample. An upper 
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relative depth ( 1 1 )  
F i p e 4 .  Saturationof thedegrecofpolarizationp withincreasingrelative 
hole depth. Experimental data points refer to the resonant spectral hole 
in the electronic origin band of TPP in PMMA burnt with fluenccs per 
laser pulse of 0.67 pJ cm-2 (circles), 13 pJ (squares), and 24 pJ cm-2 
(triangles). Simulations: cw model of hole burning for an optically thin 
sample (dashed line) and an optically thick sampleapproximated by four 
layers (curve a). Curves b and c are fits of the high pulse-power model 
of spectral hole burning (q 41) to the data from higher fluenccs. 

limit for the temperature increase produced by the absorbed 
burning light energy Q is AT = Q/C,, where C, = 2.1 X W 
s g1 K-' is the heat capacity of PMMA at a temperature of 10 
K.10 This neglects any heat diffusion out of the irradiated volume 
during one hole-burning sequence which may consist of several 
hundred laser pulses. We estimate AT < 0.5 K for the first six 
points in Figure 4, and AT < 3 K for the last points. Since at 
a temperature of 13 K the low-intensity hole-burning response 
of the system is well described by the cw model, a contribution 
of orientational or spectral diffusion to the loss of anisotropy is 
unlikely. 

An alternative explanation is given by the model of hole burning 
with intense laser pulses presented in section 2.4. In the case of 
TPP the states a and r correspond to the two ground-state 
tautomers. For the resonant spectral holes considered here both 
state labels 6 and c refer to the vibrationless level of the first 
excited singlet state SI, and d refers to the first triplet level TI. 
The lifetime of SI is known (7(S1) = 11.6 nsll) leading to yh + 
Ybd + yb = 8.62 X 107 s-1, With the quantum yield of triplet 
formation (@T = O.8O12J3) the rate constant yw = 6.90 X lo7 S-I 
for ISC can be isolated. Since the quantum yield of photochemical 
tautomerization is much smaller than unity it follows that rb, << 
yh = 1.7 X lo7 s-l. Finally, from the triplet lifetime  TI) = 
1.4 ms, it follows that yd,, I 700 s-I, and hence this decay channel 
may be neglected on the time scale of a laser pulse. With the 
Debye-Waller factor fixed at 0.54 the only remaining parameters 
of the model are the photochemical quantum yield @ and the 
excitation rate ki = g(oL)F, for molecules with their transition 
dipole parallel to the light polarization. 

A simultaneous fit of the model to the experimental data for 
p presented in Figure 4 and the corresponding data for HI yielded 
the parameters collected in the last two columns of Table 1. The 
excitation rate k; can also be calculated from the applied laser 
intensity, and these values (column 2 of Table 1) are in good 
agreement with those from the fit. Furthermore, the value of the 
quantum yield agrees well with that obtained within thecw model. 

Laser pulses that bleach out a considerable portion of a 
homogeneous subensemble must also lead to power broadening 

TABLE 1: Quantum Yield of Photochemical Reaction @ and 
Excitation Rate ki Obtained from a Fit of the Cw Model or 
the Pulse Model to the Ihta Hi and p from Three 
Experiments with Increasing Fluence ZT = Filrq~ per Laser 
pulsp 

experiment fit 
h/pJ cm-2 k:/109 s-I IO3@ k2/109 s-I model 

0.67 0.009 6.0 cw 
13 0.17 6.3 0.18 pulse 
24 0.32 7.2 0.43 pulse 

a The second column gives values for ki calculated from the fluence 
and the peak absorption cross section of the zero phonon line. 

TABLE 2 Power Broadening of the Hole Width 4 and Bl 
(Accurate to fO.02 cm-l) Extrapolated to Zero Hole Depth. 
IT /& fwR2TiTz BI/ EL/ 2rp/ 

(,9= 0) cm-I cm-I cm-1 I'plI' (Iii2T1T2) 
0.67 0.052 0.49 0.48 

13 1.9 0.56 0.48 0.32 1.33 0.77 
24 3.5 0.58 0.53 0.34 1.42 1 .o 

E The first two columns give the fluence per pulse for each experiment 
and the estimated maximum broadening parameter for aligned molecules. 
The last column gives the orientationally averaged broadening parameter 
calculated from I'p/I'. 

TABLE 3: Linewidth Parameters of Three Satellite Holes 
in cm-1 

2rd 
- width of 2l-d = resonant 
h i b  Voigt curve BL - 2r, hole Bvlb 

955 Bo = 3.1 1.1 1.4 3.1 

1194 Bv = 8.0 3.0 6.0 
1207 Bv = 9.7 3 .O 7.8 

a Bo, EL, and Bvare the Gaussian, the Lorentzian, and the total width 
of the Voigt function fitted to the satellite hole. 2I'd is the homogeneous 
line width of the vibronic transition. Bdb is the Gaussian width of the 
inhomogeneous distribution of the vibrational frequencies. The error 
margins are A0.2 cm-1. 

of the homogeneous line width which should be observable in the 
widths of the spectral holes. Under steady-state excitation of a 
three-level system power broadening leads to an effective 
homogeneous line width parameter of the excited transition given 

BL = 1.3 

by5 

where TI is the lifetimeof the upper state, T2 = 1 /I'the dephasing 
time of the level pair, and WR the Rabi frequency defined by 

 OR = #LE COS @ (44) 

The factor (2 + 76,f/yd0)/2 should be of minor importance in our 
case since the steady state is never achieved during one laser 
pulse. The width of a spectral hole burnt into an aligned ensemble 
of molecules is then B = 2 ( r p  + I?). In an isotropic ensemble 
each orientational subensemble will experience a different Rabi 
frequency, and the hole width will represent an average of the 
broadening parameter f#RZTlTz. To extract these from the 
experiment, the hole width was first extrapolated to zero hole 
depth. This removes the contribution from photochemical 
saturation to the width. The parameters obtained for three 
experiments with increasing laser intensity are collected in Table 
2. For the highest laser intensity an averaged broadening 
parameter of 1.0 is obtained (last column), corresponding to an 
increase of the homogeneous line width by 42% and of the spec- 
tral hole by 2 1 %. Power broadening affects the width of Hi more 
than that of HI, which is in line with the fact that the Rabi 
frequency is largest for the set of molecules with their transition 
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dipole parallel to the light polarization. The broadening parameter 
of this subensemble can be estimated from the applied laser 
intensity and the transition dipole p. A value of p = 0.94 D (3.1 
X 10-30 C m) was obtained from the integral over the region of 
the electronic origin of the first transition in TPP. The maximum 
broadening parameters calculated in this way are collected in 
column 2 of Table 2. Since the Rabi frequency is proportional 
to cos 8, a first order estimate of the average broadening parameter 
yields one-third of the maximum value, in good agreement with 
the value obtained from the line widths. 

4.3. DebyeWaller Factor and Photochemical Quantum Yield. 
In this work a Debye-Waller factor f = 0.54 f 0.06 and a 
homogeneous line width 2r  = 0.24 cm-1 were found for the longest 
wavelength absorption band of TPP in PMMA at 10 K. In an 
accumulated photon echo experiment on the same system at the 
same temperature the values f = 0.8 and 2I' = 0.5 cm-l were 
0btained.1~ Hole burning and accumulated photon echo exper- 
iments both suffer from spectral diffusion. Spectral diffusion 
leads to smaller hole depth and hence an apparently smaller 
Debye-Waller factor but also to an increased hole width. Since 
we observe a narrower hole and a smaller DebyeWaller factor, 
spectral diffusion can be ruled out as the source of the discrepancy. 
From hole-burning experiments on a similar system, phthalo- 
cyanine in PMMA, the DebyeWaller factors f = 0.77 f 0.1 at 
T I 12 K and f = 0.57 f 0.1 at T = 20 K were reported.4 In 
our investigation on tetraphenylporphine the same reduction of 
the Debye-Waller factor by ca. 25% was observed in going from 
10 to 20 K. In both systems the hole-burning process involves 
tautomerization of the inner protons, and the same temperature 
dependence of the Debye-Waller factor could indicate similar 
electron-phonon coupling in both compounds. However, there 
is no a priori reason why the Debye-Waller factors should be 
equal. Nevertheless, our Debye-Waller factors seem to be 
systematically lower than literature values for the same or similar 
compounds. This could be caused by a small temperature gradient 
between the sample and the temperature sensor. Our sample is 
cooled not by direct contact with He gas but only through 
mechanical contact with a coldfinger. Hence the temperature of 
the sample might be slightly higher than that of the heat exchanger. 

In some papers a quantum yield of hole formation 9, is 
definedlSl* as the number of chromophores contributing to the 
hole divided by the number of photons absorbed by each 
chromophore. The relative change of the hole area is taken as 
measure of the number of chromophores. Hence 

where TO = exp(-Ao(w,)NI) is the initial transmission of the 
sample, N is the number density of chromophores, and 1 is the 
sample thickness. The areas are often approximated by the 
product of the hight and width of the hole and the absorption 
band.'* Hence the hole area is in fact only the area under the 
zero-phonon hole, whereas the area under the inhomogeneous 
band contains all phonon contributions. For an optically thin 
sample the last term in eq 45 reduces to 1 / F ~ o ( u B ) .  Evaluation 
of the areas within the cw model of hole burning then yields 

For a resonant hole (b  = c) with large DebyeWaller factor the 
quantum yield of hole formation 9, can be larger than the 
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photochemical quantum yield CP since three-fifths of the aniso- 
tropically burnt molecules contribute to Hll, whereas only one- 
third of the isotropically oriented molecules contribute to the 
inhomogeneous absorption band. 

From cw hole-burning experiment on TPP in PMMA the 
quantum efficiencies for hole formation 9, = 9 X 1 V  at T = 
10 K17 and 9 8  = 2 X at T = 20 K1* have been reported. With 
f= 0.54 this corresponds to the photochemical quantum yield 9 
= 1.7 X 1 0-3 at T = 10 K, which is somewhat lower than our value 
9 = 6 X lo-'. The difference may be due to the error in 
determining the absolute photon flux during hole burning but 
may also be caused by the different sample preparation techniques. 
The samples in refs 17 and 18 were prepared by solvent casting, 
whereas our samples were prepared by bulk polymerization and 
contain no solvent. 

We feel that a fit of the complete saturation curve should yield 
more reliable parameters than a linear extrapolation of data at 
early burning times. For shallow holes the signal-to-noise ratio 
is usually small, and it is difficult to judge from these data whether 
the linear approximation is still applicable. That the same value 
for the photochemical quantum yield is obtained in hole burning 
with weak and strong light pulses (see Table 1) is an additional 
argument in favor of the fitting method. Furthermore, in the 
strong field case 9 and the excitation rate k: are independent 
parameters and the precise value of the fluence is not needed for 
the determination of 9. 

4.4. Vibronic Satellite Holes. After hole burning into the 
origin band of an electronic transition vibronic satellite holes are 
often observed in the inhomogeneous vibronic absorption bands 
belonging to the same electronic transition. Vibronic satellite 
holes can also be observed in the electronic origin band after hole 
burning into the vibronic band. The latter method is favorable 
when the Franck-Condon factor for the origin is largest. 

The shape of the satellite hole is given by the convolution of 
the distribution function of the vibrational frequencies within the 
electronic state with the holeshape for a fully correlated ensemble 
(see eq 13). The distribution function may be approximated by 
a Gaussian with width BG. The shape of the zero-phonon hole 
for the fully correlated ensemble is a Lorentzian with width BL 
= 2r'(.b + 2raC. The convolution of a Gaussian with a Lorentzian 
produces the voigt pr0fi1e.I~ Its width Bvis a function of BG and 
BL, and both parameters can be obtained from a fit if they are 
of comparable size. 

The line profile of a satellite hole burnt at i g  = 16 524 cm-1 
and observed with peak at 15 569 cm-I (corresponding to a 
vibrational wavenumber of 955 cm-1) is shown in Figure 5A 
together with the fit of a voigt profile for the zero-phonon line 
and a Gaussian for the phonon sideband. The fit yields BG = 3.1 
cm-1 and BL = 1.3 cm-l. With 2raC = 0.24 cm-l measured for 
the resonant hole in the electronic origin a homogeneous width 
2r.b = 1.1 cm-I is obtained for the vibronic transition. From the 
width of the resonant hole in the inhomogeneous vibronic band 
a somewhat larger value 2rub = 1.4 cm-l is obtained. There are, 
however, several vibrational subensembles resonant with the laser 
at = 16 524 cm-l, and all contribute to the resonant hole. 

Hole burning with larger fluence produces the satellite holes 
shown in Figure 5B. All spectra refer to the same baseline. The 
maximum relative hole depth converges to a value between 0.5 
and 0.6, consistent with a Debye-Waller factor of 0.54. The 
strong background can be explained by the congestion of holes 
produced by other vibronic subensembles excited into their phonon 
sidebands. To correct for the strong background the relative 
hole depth is obtained as the amplitude of the voigt profile fitted 
to the central part of the zero-phonon hole divided by the initial 
optical density. The saturation of these relative hole depths with 
increasing number of laser shots is shown for the satellite hole 
at 955 cm-1 in Figure 6.  The behavior is well described for both 
polarizations by the model of cw hole burning, i.e., the parameters 
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Figure 6. Saturation of the relative hole depth HI\ and H I  of thevibronic 
satellite hole (A; = 955 cm-l) of TPP in PMMA at T = 10 K. One laser 
pulse corresponds to a fluence of IT = 40 pJ cm-*. Upper curve: fit of 
eq 28 to the data for Hi1 with H,t = 0.36 and Yr = Qlfnb@Br/rab = 
3.6 X lo-'. Lower curve: simulation with the same parameters for H I .  

obtained from the fit to HII produce an equally good simulation 
for HI. For infinite burning time both curves approach a limiting 
hole depth Hmt = 0.36, which is smaller than the Debye-Waller 
factor obtained for the resonant hole in the electronic origin. 

Within the cw model of hole burning the plot of p vs Hi1 depends 
only on the angle 6 between the transition moments and the limiting 
hole depth HSat. Figure 7 shows simulated curves for several 
values of 6 with H,,, = 0.36. It is known that the vibrational 
mode at 955 cm-' is totally symmetric and that the corresponding 
vibronic transition is polarized parallel to the electronic  rigi in.^ 
The experimental data for the satellite hole (circles) are in good 
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Figure 7. Saturation of the degree of polarization p of spectral satellite 
holes with increasing hole depth, simulated for Hat = 0.36 and several 
angles between the transition dipoles. Experimental data are shown for 
three satellite holes of TPP in PMMA corresponding to vibrational 
wavenumbers of 955 cm-1 (circles), 1194 cm-l (squares), and 1207 cm-l 
(triangles). 

agreement with the expectation for 6 = 0'. Two other modes at 
vibrational wavenumbers of 1 194and 1207 cm-* belong tovibronic 
transitions polarized perpendicular to the electronic  rigi in.^ 
Experimental data for the degree of polarization of the corre- 
sponding satellite holes, burnt with increasing fluence at  16 771 
cm-I and observed at 15 577 and 15 564 cm-l, are also shown in 
Figure 7 (triangles and squares). For small hole depth the data 
fall between the theoretical lines for 6 = 75' and the limiting 
value 6 = 90'. Hence it appears that this method can yield the 
angle between transition moments with an accuracy of ca. 15O. 

5. Conclusions 

We have presented a theoretical description of saturation effects 
in line shapes and anisotropy of resonant and vibronic satellite 
spectral holes. Our model includes a possible inhomogeneity in 
the distribution of vibrational frequencies in the excited state and 
saturation of the molecular system by the light pulses used for 
hole burning. The resulting formulas require a two-dimensional 
integration over one frequency and one orientational coordinate. 
In the limit of broad inhomogeneous distributions and small hole 
depths burnt with low light intensity, these integrals can be 
performed analytically. For other cases numerical integration 
routines were used. We are presently developing efficient recursive 
algorithms for the calculation of these integrals. 

Our model calculations, though seemingly already complex, 
still contain two simplifications which are mainly responsible for 
the deviations from the experiment especially for large hole depths. 
The first simplification is the neglect of hole burning through 
excitation into phonon sidebands. The second is the restriction 
to only one resonant transition of the chromophores during hole 
burning. There is no principal difficulty in including the complete 
form of the cross section (eq 21) or a sum over several resonant 
states into the expression for AN,, i.e., eq 28 in the cw model or 
eq 41 in the pulsed model. However, this will increase the number 
of adjustable parameters unless parameters for the phonon 
sidebands are accessible from other sources. An alternative and 
in our view more promising strategy aims at avoiding the 
complications caused by the phonon sidebands by experimental 
means. This can be done by lowering the temperature but also 
by the choice of matrix materials with less electron-phonon 
coupling. This interaction should be small in matrices made of 
frozen rare gases due to the absence of internal bond vibrations 
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in these materials. Our first investigation of a photochemical 
reaction in solid rare gases produced indeed highly resolved 
vibronic satellite hole spectra with no detectable contamination 
by phonon sidebands. 

In the case of hole burning with strong light pulses that saturate 
the resonant subensemble of chromophores a simultaneous fit of 
the model equations to HI, and p yields the photochemical quantum 
yield CP and the excitation rate k! as independent parameters. 
Hence for the determination of CP a precise knowledge of the 
absolute laser intensity at the sample is not needed. 
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