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Indoly-benzylfulgimide belongs to the photochromic fulgide family and follows photochemical first order 

kinetics. Its bleaching kinetics is investigated at 633 nm and 640 nm by spectroscopy, by the time depend-

ence of transmission and of diffraction from holographically induced gratings. The non-exponential decay 

law resulting for diffraction experiments with a Gaussian beam profile is calculated and verified experi-

mentally. For a quasi-homogeneous beam profile the time constant determined from diffraction decay is 

half the one for absorbance decay. The photochemical reaction rate of indoly-benzylfulgimide in PMMA 

is (3.9 ± 0.3) cm2/J at 650 nm. 

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

By photon irradiation aryl-fulgides and its modifications (for brevity also called fulgides in the follow-

ing) may be reversibly switched between two isomers, namely a thermally stable ground state, the so-

called E-form, and the so-called C-form which can be either thermally metastable or stable. The molecu-

lar process of switching takes place within approximately 10–11 s [1]. The (closed or) C-form having its 

name from the ring closure of the 1,3,5-hexatriene structure results from photoinduced 6π electrocycliza-

tion [2]. In this paper we discuss only fulgides with heteroaromatic rings which exhibit thermally stable 

C-isomers. The spectrum of the “colorless” E-isomer differs from the one of the “colored” C-isomer by 

characteristic vibrational bands in the infrared [3, 4] as well as by electronic excitation and electronic 

transfer bands. The latter are in the ultraviolet (UV) for the E-isomer and in the visible for the C-isomer. 

In addition a so-called Z-isomer exists which can be generated from the E-isomer by UV irradiation. 

Since the latter photochemical reaction can be effectively suppressed by embedding fulgide molecules 

into a sufficiently rigid matrix [5], optically switchable bistable molecular systems may be achieved on 

the basis of heteroaromatic fulgides. 

 For applications in holography, holographic interferometry, optical information storage [6], integrated 

optics [7, 8] or optical telecommunication, fulgides are incorporated into solid host materials such as 

polymers or other glasses. Roughly speaking, the effects caused by switching between the E- and C-

forms may be distinguished according to the following classification: (1) Intrinsic effects arising from 

the differing physical properties of the isomers. (2) Extrinsic effects by reaction of the host matrix on the 
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photoinduced exchange of the isomers. (3) Non-reversible effects (aging or fatigue) caused by reactions 

of the fulgide molecules upon non-reversible rearrangements of the matrix or by chemical reactions with 

the matrix or the environment. 

 Changes of the absorption spectra as well as the pertinent (because of Kramers–Kronig relationship) 

changes of the refractive index belong mainly to the first class. The fact that switching is fast [1] and 

reversible makes fulgides attractive photochromic and photorefractive systems for many applications. 

Apart from that, photoswitching between both isomers may influence the luminescence or liquid crystal-

line properties of specially designed systems. Fulgide systems may be ordered by poling in an electric 

field under irradiation and exhibit birefringence, dichroism or nonlinear optical properties because of the 

dipolar character of the molecules. Likewise, fulgide systems can be ordered by optical polarization 

resulting in birefringence and dichroism [9]. Since the E-form is chiral, the capabilities for optically 

switchable circular dichroism and circular birefringence (optical activity) may be exploited. In this paper 

we report on a fulgide modification, namely 3-indoly-benzylfulgimide, which was doped into a PMMA 

matrix. We investigate the kinetics resulting from irradiation with a (quasi-)homogeneous beam profile 

theoretically as well as by spectroscopy, transmission and diffraction experiments. 

2 Experimental 

A solution was prepared by dissolving 10 wt% PMMA as well as 1 wt% (sample named 6a) and 2 wt% 

(samples named 6b and c) 3-indoly-benzylfulgimide (Fig. 1) in cyclohexanone. The film is obtained by 

spreading several drops of the solution on a glass substrate (∅ 25 mm × 1.5 mm) and subsequent drying 

in air. The thicknesses of two samples were determined to be 10 µm and 13 µm by microscopy of the 

cross section. As all samples were obtained by the same procedure, we assume in the following that they 

have a nominal thickness of d = (12 ± 3) µm (corroborated by findings presented in Section 4). The final 

concentration in the PMMA matrix was 10 wt% (≈2.7 at%) 3-indoly-benzylfulgimide for sample 6a, and 

20 wt% (≈5.4 at%) for the samples 6b and c. Samples 6a and b were prepared 21 months before our 

optical experiments and were already used several times for optical experiments. Sample 6c was ob-

tained in virgin state and studied within two weeks after preparation. Polarized and non-polarized ab-

sorption spectra of the samples were measured with the spectrometer UV-31101 (Shimadzu Inc.). 

 The experimental set-up for transmission and holographic measurements is shown in Fig. 2. A typical 

experimental cycle of the measurements consist of the following steps: (1) Transfer of the fulgimide 

molecules into C-isomers by irradiation at 405 nm. (2) Only in case of holographic measurements: Gen-

eration of holographic gratings at 650 nm by partial transfer of the molecules into E-isomers. (3) Bleach-

ing at 633 nm or 650 nm by transfer to E-isomers using (quasi-)homogenous beams or beams with Gaus-

sian profile. Thereby the kinetics of the bleaching process is deduced from monitoring the decay of the 

first order diffraction or from the increase of transmission. 

 (1) Prior to the begin of all bleaching experiments the sample was irradiated for 10–20 min (depend-

ing on the sample) with opened iris diaphragm (Fig. 2) using a diode laser (λ ≈ 405 nm, intensity ap-

proximately 75 mW/cm2, polarization in plane of incidence) until the photostationary state was reached. 

In order to achieve a homogeneous initial distribution the beam was expanded by a lens to a diameter of 

approximately 10 mm. 
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Fig. 1 Chemical structure and photoswitching of 3-indoly-benzylfulgimide. Left: E-form with open ring, right:  

C-form with closed ring. 
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Fig. 2 Optical set-up for measurements of the kinetics by transmission and holographic probing. Writ-

ing: laser diode (LD) at 650 nm, reading: He–Ne laser at 633 nm, erasure: laser diode (LD) at 405 nm. 

 

 (2) The grating, whose decay kinetics was to be monitored, was first holographically written in the 

bleaching mode with a diode laser at a wavelength of 650 nm. The beam was collimated by a lens and 

had an elliptical profile with about 3 × 10 mm2 along the main axes with polarization along the short 

axis, i.e., parallel to the plane of incidence. Adjustment of coherence was made by creating a Michelson 

interferometer. To that purpose the mirrors were first adjusted perpendicularly to the faces of the beams-

plitter cube. The interference fringes were tuned for optimum contrast by moving one of the mirrors with 

a translation stage. Finally the mirrors were rotated for optimum overlap at the sample positioned on the 

symmetry line between both mirrors intersecting at an angle 2θB = 180 mrad corresponding to a grating 

spacing Λ = 3.5 µm (±5%). The intersection area was defined by closing the iris diaphragm (Fig. 2) to a 

diameter of approximately 4 mm. Within one series of kinetic measurements as a function of intensity 

the exposure used to generate the grating was approximately the same. 

 (3) For read-out of the holograms and for the transmission measurements either one of the writing 

beams at 650 nm or the beam of an unpolarized He–Ne laser at λ = 633 nm was used. These monitoring 

beams had a (quasi-)homogeneous or a Gaussian profile at the input plane, respectively. While monitor-

ing they induce in the same time the kinetics of the photochemical transfer to the E state which we are 

going to study. In diffraction experiments the angle of incidence was θ ≈ 90 mrad (±5%), i.e. the same as 

for the writing beams and thus slightly off the Bragg angle for 633 nm. Nevertheless, we are still suffi-

ciently close to the Bragg angle at 633 to ignore off-Bragg corrections. The reason is that the quality 

factor for read-out was determined to be Q = λdg/Λ
2 ≤ 0.6 in our case (i.e. Raman–Nath regime). Here dg 

denotes the thickness of the grating. A calibrated power meter (United Detector Company, model 11A) 

equipped with a silicon photodiode and a filter for spectrally flat radiation measurements was used. For 

the determination of the incident intensity I0 the calibration factors of the measurement system as well as 

reflections coefficient of the input face of the sample were taken into account. By this procedure the ac-

curacy of the absolute intensities is estimated to be better than 10%. As concerns a possible systematic 

error, we depend on the calibration established by the manufacturer of the instrument. All kinetic era-

sure/bleaching experiments were performed at a laboratory temperature of 25–27 °C. The data were 

digitized by a storage oscillograph and processed by a computer. 
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3 Theory 

3.1 Photochemistry and local optical constants 

For a fully bistable fulgide system and neglecting side reactions like E-Z-isomerization or aging effects 

the photochemical reaction is local and follows first order kinetics: 
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Here C and E are the concentrations of the C- and E-isomers, respectively, and Q denotes the local expo-

sure that is related to the intensity I by Q I�

= . Dots denote time derivatives. In Eq. (1) irradiation with 

mono-energetic photons is assumed. The photochemical reaction constants gC and gE depend on photon 

energy which is expressed in the following in terms of the so-called wavelength l of the photon. Upon 

irradiation the concentrations will change until a photostationary state (index •) is reached at the concen-

tration ratio given by C
•
/E

•
 = gE/gC. The solution of the above system of equations is given by 

 
0

∆ ( ) ∆ exp ( )C Q C Qγ= - . (2a) 

Here ∆C(Q) = C(Q) – C∞ and ∆C0 = C0 – C∞ denote the so-called excess concentrations, i.e., the devia-

tions from the equilibrium concentration C∞ = C(Q → ∞), C0 = C(Q = 0) is the initial concentration, 

g  = gC + gE is the (effective) photochemical reaction constant, and a similar equation holds for ∆E(Q). 

 For simplicity let us assume constant intensity, i.e. Q = It, where t denotes time. By defining the effec-

tive photochemical rate constant k = gI, Eq. (2) then predicts an exponential decay 

 
0

∆ ( ) ∆ exp ( )C t C kt= -  (2b) 

of excess concentration with a decay time t  = k–1. Strictly speaking, the intensity is nowhere constant in 

time within a photochromic medium with the possible exception of the entrance face. For a theory that 

takes this fact into account we refer to Ref. [10]. Here we use Eq. (2b) only as an illustrative approxima-

tion and as a starting point for discussion. 

 The local contributions of the isomers to the absorption spectrum and to the refractive index are given 

by: 

 
C E

C E

∆

∆

C E

n R C R E

α σ σ= +

= +
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Here σC,E are the absorption cross sections and RC,E the effective refractivities of the C- and E-isomers, 

respectively. In RC,E we have lumped together the molecular refractivities and a factor depending on the 

refractive index n of the host matrix (which is suggested, e.g., by the Clausius–Mossotti relationship) 

into one single constant, namely the effective refractivities RC,E. It goes without saying that all quantities 

in Eq. (3) with the exception of the concentrations C and E depend on the wavelength λ. The experiments 

to be discussed in this paper were performed at wavelengths where σE and RE can be neglected. 

3.2 Bleaching kinetics from transmission and holographic read-out measurements 

The bleaching kinetics of the C-isomer is inferred from transmission or diffraction experiments. We first 

consider the ideal case where bleaching is performed by irradiation of the input face with homogene-

ously distributed light of intensity I0. The case of a Gaussian beam profile will be discussed below. 

 In transmission experiments the absorbance A = –lg (It/I0) or Ae = –ln (It/I0), respectively, of a sample 

of thickness d is determined, where I0
 is the intensity measured at the input face (z = 0) of the sample and 



phys. stat. sol. (b) 244, No. 4 (2007)  1367 

www.pss-b.com © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Original

Paper

It is the transmitted intensity measured behind the output face (z = d). The absorbance kinetics can be 

described by [10]: 

 
A
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A t A t A
k t f t
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Here ∆A(t) is the difference of the absorbance A(t) of the transfer band of the C-isomer at time t and of 

the absorbance A(∞) for tÆ•, i.e. for the fully bleached state. With increasing absorbance the local 

intensity decreases with penetration depth resulting in 

 
1
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The quantity k0 = γI0 is the effective photochemical rate constant at the input face (z = 0). The function 

f(t) describes nonlinear deviations of the absorbance kinetics and vanishes for 0tÆ  [10]. Essentially, 

Eq. (5) may be understood as replacing the incident intensity I0 by an average intensity inside the sample 

which is reduced by a factor depending on the initial absorbance ∆A0 = ∆A(0). Based on our findings in 

[10] we determine kA for our experiments from the initial part of the absorbance decay where nonlinear 

deviations are still negligible. 

 In order to define the quantities needed to analyze our diffraction experiments we repeat in short the 

basic relationships for a mixed absorption/refraction grating of thickness d in the limiting case of small 

diffraction efficiency and vanishing absorbance. For simplicity we assume that a concentration grating 

has been generated by holographic recording from which only the first order harmonics 

 
0 1

( ) cos ( )C x C C Kx= + , (6) 

is of importance. This is the case if read out is performed at or sufficiently close to the nominal Bragg 

angle θB = arcsin (λ/2Λ). During bleaching with a homogeneous light distribution both components, C0 

and C1, decay exponentially with time according to Eq. (2). This results in a decay of the mixed absorp-

tion/refractive index grating (Eq. (3)): 

 
1

1
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=
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The conditions of our experiments are such that we are within or close to the thin grating regime (Q < 1). 

Then the first order diffraction efficiency is given by [11]: 

 
2 2 2

1 1 g 0[(∆ ( )/4) (π ∆ ( )/ ) ] exp ( ) .t n t d dη α λ αª + -  (8) 

Here α0 denotes the average absorption and the factor 1/4 occurs because ∆a1 refers to the total absorp-

tion change (and not to the modulation amplitude), i.e., refers to the intensity (and not amplitude) decay. 

Hence we expect in first approximation and for the simple case where Dn1(t) and Da1(t) are proportional 

to C(t) µ exp (– t/τ) that the diffraction efficiency and the diffracted intensity Id decay approximately 

exponentially with 

 
d d

exp ( / )I tη τµ µ -  (9) 

with the time constant τd = τA/2. Here again we have taken into account that the effective intensity is 

reduced by a factor [1 – exp (–∆A
e0]/∆A

e0 with respect to the incident intensity I0. 

3.3 Effect of a Gaussian beam profile on the kinetics of holographic decay 

In cases where the photochemical bleaching kinetics is inferred from monitoring the decay of holo-

graphic gratings, bleaching is for simplicity often induced by the read-out beam itself. We will investi-

gate here the resulting kinetics of holographic decay assuming a Gaussian beam profile and first order 
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kinetics of the photochemical reaction. Thereby we replace g  by gA to account for the decay of intensity 

in z-direction and presume for the plane transverse to it that the initial grating amplitude is homogeneous. 

The symmetry of the problem suggests the choice of the cylindrical coordinates ρ and z. The Gaussian 

profile is given by: 

 
2 2

max
( , 0) exp ( / ) .I I wρ ρ= -  (10) 

Here w is a parameter characterizing the width of the beam. At the input plane the relationship between 

the total power and the maximum intensity is given by P0 = πw2Imax. Here πw2 defines the effective cross 

section of the beam. Even though the local photochemical kinetics is of first order, the consequence of 

the intensity profile is that the kinetics proceeds faster in the center of the beam and slower at the out-

skirts. It is therefore obvious that the diffracted power will not follow an exponential time law. The dif-

fracted power is given by 
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with the final result 
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Here we have defined 
1

d A max
(2 )Iτ γ

-

= . For t/τd → ∞ this function decays like (t/τd)
–1 and for t/τd → 0 like 

exp (– t/2τd) = exp (– t/τA) with 
1

A A max
( )Iτ γ

-

= . The latter is a remarkable coincidence, namely that a 

single exponential fit to the initial part of Eq. (11) would result in the same time constant as obtained 

from transmission experiments with a (quasi-)homogeneous beam profile of intensity Imax. 

 We would like to draw attention to the fact that the kinetics of holographic decay according to Eq. 

(11) does not depend on the width parameter w. This means that by using a more expanded Gaussian 

beam one does not approach the limiting case of single exponential kinetics of a homogeneous beam 

profile – unless the Gaussian beam profile is truncated by a diaphragm or by the size of the sample. This 

underlines the astonishingly general validity of Eq. (11) for experiments with Gaussian beam profile. 

4 Experimental results 

4.1 Spectroscopy 

Sample 6c was colored until steady state by irradiation at 650 nm with a light polarization parallel to the 

plane of incidence (π-polarized). Subsequent π- and σ-polarized absorption spectra did not show any 

significant difference, in particular, light-induced dichroism [9] seems to be absent or very weak. There-

fore the following results refer to non-polarized absorption spectra. 

 Two bands can be seen in the absorption spectra shown in Fig. 3a–c: the one centered at 366 nm is 

characteristic for E-isomers, and the one centered at 576 nm for C-isomers. Figure 3a confirms that in the 

virgin state all fulgimide molecules are present as E-isomers and that complete bleaching by irradiation 

with red light is possible even 21 months after sample preparation, i.e. the C-isomers can be switched 

back completely at any time. Hence we conclude that γE(633 nm) ≈ 0 holds for the photochemical rate 

constant. The absorption cross section of the dye molecules can be estimated from the spectrum taken  
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Fig. 3 Unpolarized optical spectra of 
indoly-benzylfulgimide in PMMA. (a) 
Spectrum of sample 6c immediately after 
preparation (virgin state), spectrum of 
sample 6a in bleached state (after irradia-
tion with red light, spectrum recorded 21 
months before our experiments). (b) 
Colored state (after irradiation with 
405 nm): Comparison of samples 6a–c. 
(c) Colored state: (i) comparison of the 
present spectrum of sample 6a with the 
one taken 21 months before; (ii) present 
spectrum of sample 6b compared with the 
one of 6a multiplied by a factor 2.4. 
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shortly after preparation of sample 6a (i.e., 21 months before our experiments) and using the volume of 

sample 6a to calculate the volume concentration F of the fulgimides at preparation time. We obtain 

σ(366 nm) ≈ α(366 nm)/F ≈ 2 × 10–17 cm2. 

 Figure 3b compares absorption spectra of samples 6a–c after coloration at 405 nm until stationary state. 

The non-vanishing absorption peak at 366 nm proves that complete transfer E → C is not possible. Instead, 

a photostationary state is reached. Comparing the peak at 366 nm in Fig. 3a and c one may estimate that 

approximately 1/3 of the molecules are transferred to the C-isomers for sample 6a in the photostationary 

state. As a consequence, we have for the absorption cross sections at the absorption maxima the relationship 

σ(366 nm) ≈ 0.8 × σ(576 nm). Since the optical densities (OD) at the peak maxima are proportional to 

the saturation concentrations, we may calculate the ratio of the photochemical reaction constants of indoly-

benzylfulgimide in PMMA at 405 nm. For the samples 6a and b we consistently obtain: gE(405 nm)/ 

gC(405 nm) = C
•
/E

• ≈ 0.8 × OD(576 nm)/OD(366 nm) = 0.44. The value for sample 6c cannot be deter-

mined precisely because the maximum was out of the range of our spectrometer, but it is approximately 0.48. 

 Figure 3c compares the spectra of the colored state of sample 6a measured at the time of this investi-

gation and 21 months before. First of all, we note, that the ratio of the photochemical rate constants 

(≈0.44) has practically not changed within 21 months. However, both peaks, namely the one propor-

tional to the concentration of E-isomers and the one of C-isomers, have diminished by the same fraction 

of roughly 30%. Obviously, this fraction of fulgimide molecules has leaked out of the bistable E/C-

isomeric system either by transforming into Z-isomers or undergoing other chemical reactions, e.g., with 

the host matrix. This aging process represents a serious degradation of the PMMA:fulgimide system. 

 A comparison of the spectra of sample 6a, multiplied by a factor 2.4, with the one of sample 6b is 

made in Fig. 3c and confirms that the chemical composition of both samples is still nearly identical even 

21 months after preparation. A slightly enhanced background in sample 6a indicates somewhat higher 

scattering of the matrix. The ratio of the dye concentrations of sample 6b and 6a is 2.0, while the ratio at 

the absorption peaks is 2.4. This may be explained by sample 6a having a thickness which is about 20% 

smaller than the one of sample 6b. If we correct, on the other hand, the value OD = 1.75 at the C-isomer 

peak of sample 6b by the aging fraction of 30%, approximately the same value is obtained for sample 6c 

having the same dye concentration. Both observations imply that the sample preparation technique re-

sults in samples of nearly the same thicknesses within ±20%. 

4.2 Kinetics 

First we wanted to check the relationship between the time constant tA determined from absorbance 

decay and td determined from the decay of the diffracted intensity during bleaching. In order to obtain 

consistent results it turned out to be important that the values were measured at the same conditions, in 

particular at exactly the same intensity with a beam profile as homogeneous as possible. Further the data 

have to be treated exactly the same. Therefore we proceeded as follows: After having written holo-

graphic gratings with an exposure of approximately 0.51 J/cm2 into sample 6c, the sample was irradiated 

by only one read-out beam and the transmitted as well as the diffracted powers (Pt and Pd, respectively) 

were measured as a function of time. Typical plots of ln (Pt/mW) and of the diffracted intensity Id are 

shown in Fig. 4a and b, respectively, for λ = 650 nm and a readout intensity of 32 mW/cm2. The data 

were fitted in both cases by a single exponential function. If we compare now both time constants we 

indeed find that td ª tA/2. 

 The reciprocal of the time constant tA from transmission and of 2td obtained from single exponential 

fits are plotted in Fig. 5 as a function of the absolute intensities in order to obtain the photochemical rate 

constants. First of all, we note that the slopes in Fig. 5a are practically identical within the error bars. 

Again this confirms our theoretical result, namely that the time constant τd of the diffraction kinetics 

is only half of the time constant τA = (gAI0)
–1 of the transmission kinetics. Fitting straight lines to the data 

we obtain from transmission as well as diffraction kinetics the same value for the slope, namely 

(1.2 ± 0.1) cm2/J. Using the initial absorbance DA0 = 3.1 (from 1.35 for the optical density at l = 650 nm) 

the photochemical rate constant is calculated to be g(650 nm) = (3.9 ± 0.3) cm2/J. 
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Fig. 4 Transmission (a) and diffracted intensity (b) measured as a function of time for sample 6c at 
λ = 650 nm and a readout intensity (= irradiation intensity) of 32 mW/cm2. 

 

 

 

 The same series of experiments has been repeated using a He–Ne laser to determine the photochemi-

cal rate constant at 633 nm. The reason why we report the obtained results here is mainly to point out 

possible systematic errors when performing kinetic measurements in a situation where the Gaussian 

beam profile cannot be neglected anymore. The beam cross section in the previous experiments (Fig. 5a) 

with the laser diode was large (3 × 10 mm2) so that a rather homogeneous part could be selected by an 

iris diaphragm placed behind the sample, as shown in Fig. 2. In contrast, the beam of the He–Ne laser 

had Gaussian profile with a nominal diameter of only 1.44 mm. Under these conditions the slopes for 

transmission and diffraction kinetics obtained from plotting the reciprocal time constant versus intensity 

differ significantly (Fig. 5b). We find (tAI0)
–1 = (1.93 ± 0.06) cm2/J for transmission and (2tdI0)

–1 = 

(1.59 ± 0.06) cm2/J for diffraction. One trivial reason for such discrepancies might obviously be differing 

initial absorbances. But this can be minimised by taking care that coloring of the samples is carried out 

long enough so that the samples are sufficiently close to the stationary state. 

a) 

b) 
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Fig. 5 Plot of 1/τA and of 1/2τd versus intensity for data from transmission (squares) and diffraction ex-
periments (dots), respectively, for sample 6c. Bleaching wavelengths: (a) λ = 650 nm, (b) λ = 633 nm. Fit-
ting a linear function to the data (solid line: transmission, dashed line: diffraction) gives the slopes 
(a) (τAI0)

–1 = (1.15 ± 0.05) cm2/J from evaluation of transmission data and (τdI0)
–1 = (1.22 ± 0.05) cm2/J 

from evaluation of diffraction data, (b) (τAI0)
–1= (1.93 ± 0.06) cm2/J for transmission and (τdI0)

–1 = 
(1.59 ± 0.06) cm2/J for diffraction. 

 

 Another reason is the following: As pointed out in the above theoretical analysis, a pronounced devia-

tion of the beam profile from a homogeneous one may lead to a non-exponential time dependence and 

thus may falsify the time constants obtained from a single exponential fit. In Fig. 6 we compared a single 

exponential fit according to Eq. (9) with a fit according to Eq. (11) to the data of a bleaching experiment 

at 633 nm. To be precise, the fit model was 
d d 0 d d 0
( ) (0) [1 exp ( ( )/ )] /( )P t P t t t tτ τ= - - - -  with Pd (0), t0 

and td being free fit parameters. While deviations are seen for Eq. (9), it is obvious, that Eq. (11) matches 

the data perfectly. We repeated the comparison for several varying conditions with beams of Gaussian 

profile and always obtained a better, if not a perfect fit when using Eq. (11). 

a) 

b) 
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Fig. 6 Diffracted intensity efficiency measured as a function of time for sample 6b at λ = 633 nm and an 
intensity of 18.4 mW/cm2 for read-out and bleaching. Dots: averaged experimental data, dashed line: sin-
gle exponential fit according to Eq. (9), solid line: fit according to the mathematical model defined by 
Eq. (11). 

5 Discussion 

Although there is much literature on fulgides, a comparison of our results with results published on other 

fulgide systems turned out to be possible only in one case. 

 Most holographic studies we found in literature measured the diffraction efficiency versus exposure 

time during writing but do not report on holographic decay experiments [7, 12–19]. In those studies 

where holographic decay during homogeneous irradiation was monitored no attempt for an analysis of 

the decay kinetics was made [8, 20]. Hence literature data on the photochemical kinetics deduced from 

holographic methods are not available. 

 In contrast, there are many reports using the method of time-resolved transmission spectroscopy. Les-

sard et al. [13, 18], Lafond et al. [12, 21], and Tork et al. [22, 23] reported on the bleaching and coloring 

kinetics of furyl-adamantylidene fulgide (Aberchrome 670) doped into several different polymeric host 

matrices. Some results were given by Kardinahl and Franke on furyl-methylidene fulgide (Aberchrome 

540) in a PMMA matrix [17], by Francini et al. on an undefined fulgide [19], by Seibold and Port on 

isopropylidene fulgide [24], and by Belfield et al. [25] on indoly fulgide. 

 Since the last-mentioned four groups have not made a serious attempt to analyze the data quantita-

tively with respect to photochemical kinetics, we will not consider them further. With one exception, 

namely Ref. [21], all other investigations [12, 13, 18, 22, 23] evaluate the photoreaction rate from their 

data without giving information on the intensity of the irradiation for bleaching. This makes the values 

useless for a comparison. Even a comparison between the rate constants kUV for coloring by ultraviolet 

radiation and kVIS for bleaching by visible radiation, one of the main results in [13, 18] (the same data 

were published in both papers), has no meaning without comparison of the intensities. 

 Lafond et al. [21] report a photoreaction rate kA = 2.43 ¥ 10–3 s–1 for bleaching of Aberchrome 670 in 

PMMA at l = 514 nm, I0 = 0.292 mW/cm2 and for DAe0 ª 1.9. From these data we calculate the photo-

chemical reaction constant g(514 nm) = 19 cm2/J. From their results on Aberchrome 670 in PVK one 

gets g(514 nm) = 21 cm2/J. This can be compared with our results, namely g(650 nm) = (3.9 ± 0.3) cm2/J 
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for the photochemical reaction constant of indoly-benzylfulgimide in PMMA. The error in our result 

refers to the statistical error and is of comparable magnitude with the additional error for the determina-

tion of the absolute intensity (see Section 2), i.e. the total relative error of the measurement is approxi-

mately 20%. Since the results of Lafond et al. indicate an influence of the host matrix, we compare the 

values for PMMA which are of the same order of magnitude, but g  being significantly smaller, namely 

by a factor 5 for indoly-benzylfulgimide. This does, however, not necessarily imply that our photochro-

mic system is slower, because the measurements of Lafond et al. [21] were made much closer to the band 

maximum of the C-isomer than our measurements. 

 At 633 nm we find (tAI0)
–1 = (1.93 ± 0.06) cm2/J for transmission and (2tdI0)

–1 = (1.59 ± 0.06) cm2/J 

for diffraction. First of all, both values are somewhat larger than the one measured for 650 nm. Partially 

one could explain this by the absorption at 633 nm being higher than at 650 nm. However on the other 

hand 633 nm is closer to the band maximum of the C-isomer. But the main reason not to interpret the 

measurements further is the fact that the deviation of the values from each other is about 20% and thus 

larger than the statistical error of about 4%. This indicates a possible systematic error. The origin seems 

to be the usage of beams with Gaussian profile. So our results at 633 nm cannot be considered as conclu-

sive since our equipment did not permit measurements at 633 nm with expanded beams to avoid the 

problem. 

6 Conclusions 

For a photochromic medium with photochemical first order kinetics neither absorbance nor diffraction 

decay can be expected to be strictly exponential because of the decay of the intensity with penetration 

depth. Nevertheless, at the beginning the curves decay exponentially to good approximation. 

 A comparison of kinetic data from transmission and diffraction experiments has confirmed the rela-

tionship τd = τA/2 between the time constants for absorbance and diffraction decay. 

 The effect of initial absorbance can appropriately be taken into account by Eq. (5). Thus we obtain 

g(650 nm) = (3.9 ± 0.3) cm2/J for the photochemical reaction constant of indoly-benzylfulgimide in 

PMMA which is still in the same order of magnitude as the value g(514 nm) = 19 cm2/J calculated from 

the data of Lafond et al. [21] for furyl-adamantylidene fulgide in PMMA. 

 If Gaussian beams are used in holographic diffraction experiments, the decay is described by a non-

exponential law, namely Eq. (11). A remarkable property, namely that Eq. (11) does not depend on the 

width parameter, makes the determination of the photochemical reaction constant as easy as for experi-

ments with homogeneous intensity distribution, because it is sufficient to analyse the time dependence of 

the diffracted power. 
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