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CHAPTER 1. INTRODUCTION 

The main motivation for the development of digital data storage (CD-R, CD-RW) has 

been the improvement in play-back quality and increased storage capacity.  Two approaches to 

increase storage capacity are the arrangement of several layers in a DVD (such as the DVD 18 

format with 4 layers) and the reduction of the bit size by using laser diodes with emission 

wavelengths in the blue (such in the case of the Blue-Ray® disc, the new optical disc format 

developed by the Blu-ray Disc Association). The use of blue laser diodes is based on the 

observation that, with conventional optics, a laser beam spot size is limited by the diffraction 

limit and dependent on the wavelength (λ) and the numerical aperture (NA) [1, 2]. However, 

both approaches have their limitations.  In the first approach, the construction of several layers 

requires the arrangement of bubble-free bonding layers that are difficult to produce and 

penetration depth of the light is limited [1].  In the second approach, the high optical excitation 

energy and small optical focus size characteristic of blue laser data storage formats lead to 

significant hot carrier diffusion (HCD) prior to the energy transfer to the Ge-Sb-Te crystal 

lattice. Therefore, the fundamental limit of resolution for re-writable optical storage systems is 

no longer determined by the laser focus size alone, but also by additional nonequilibrium HCD 

effects [3].  

One of the most attractive alternatives to increase storage capacity is to store bits 

throughout all three dimensions of the storage material (multilayer storage) by the use of two-
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photon absorbing optical materials [4-7]. Two-photon 3D memories offer increased storage 

capacity by using volume storage, in a manner similar to the multilayer optical disk systems but 

with the advantages of simpler media fabrication, many more layers, and potentially lower raw 

bit error rates (BER) [7a].  Two-photon optical materials nonlinearly absorb the incident light, 

confining the absorption at the focus to a volume of order λ3 (where λ is the laser wavelength), 

thus affording immense information storage capacity (researchers in 3D bit optical data storage 

have experimentally achieved GBs of information per disk, the theoretical capacity being 

calculated to be 2.5 TB). Section 2.1 of the background chapter will introduce the phenomenon 

of two-photon absorption and its contribution to recent advances in high density 3D optical data 

storage. 

Multilayer two-photon data storage has been demonstrated by using photochromic 

compounds [4, 7]. Photochromism is a reversible transformation of a single chemical species 

between two states having different absorption spectra, such change being induced in one or both 

directions by electromagnetic radiation. Among many known photochromic systems, 

diarylethenes (developed by Irie et. al. [8] and Lehn et. al. [9]) are promising candidates for 

applications because of their excellent fatigue resistance, picosecond switching time, high 

photoisomerization quantum yields, and absence of thermal isomerization [10]. Although 

extensively characterized by one-photon excitation (1PE), much less is known about the 

photochromism of diarylethenes induced by two-photon excitation (2PE). 2PE can be used to 

induce photochromic transformations under intense laser excitation (such as mode-locked 

femtosecond Ti:sapphire laser irradiation). In this case, photochromic molecules simultaneously 

absorb two photons, and the transition probability is proportional to the square of the incident 
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laser intensity.  Section 2.2 will give an account of the photochromic materials (especially 

diarylethenes) used in two-photon 3D optical data storage. 

An important requirement of 3D optical data storage is a non-destructive read-out 

method. Section 2.3 will discuss different reading methods that do not erase the stored 

information, and the advantages of fluorescence read-out. The conceptual reading/writing system 

based on intramolecular Förster Resonance Energy Transfer (RET) from a donor to an acceptor 

to build fluorescent molecules is discussed in detail. The feasibility of using efficient 

intermolecular RET from non-covalently linked two-photon absorbing fluorescent dyes to 

photochromic diarylethenes as a novel method to retrieve the stored information in a data storage 

system is explored. Section 2.4 introduces the fluorene derivatives used as fluorescent donors in 

this novel storage system. A summary of the extensive nonlinear optical (NLO) data collected on 

these π-conjugated compounds will be presented.  

1.1 Research Objective 

 

The purpose of this research is to establish the foundation of a novel two-photon 3D 

optical storage system based on the modulation of the fluorescence emission of a fluorene 

derivative by a photochromic diarylethene (nondestructive readout). This research effort was 

comprised of several steps. First, a complete photophysical characterization of two commercial 

diarylethenes under one- and two-photon excitation was pursued. Studies in this phase include 

determination of the cyclization (ΦO→C) and cycloreversion (ΦC→O) reaction quantum yields of 

diarylethenes at different excitation wavelengths, two-photon absorption cross-sections (δ2PA) of 
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their open (O) and closed (C) photoisomers, two-photon isomerization in solution and in 

polymer films, fluorescence quantum yields, steady-state excitation anisotropy, and 

photochemical stability.  

Second, the preparation of more efficient 2PA photochromic diarylethenes was attempted 

in order to increase their two-photon absorption cross-sections (δ2PA). For this purpose, two 

strategies were investigated: 1) chemical modification of the photochromic molecule by covalent 

attachment of an efficient 2PA chromophore (fluorene derivative) to the photochromic 

diarylethene and 2) use of intermolecular RET from an efficient 2PA fluorene derivative to the 

photochromic diarylethene (without chemical modification) in order to increase the nonlinear 

optical properties of the diarylethene. Results from these studies provide guidance for subsequent 

studies in polymer films. Two-photon 3D optical data storage based on photochromic 

diarylethenes and fluorene derivatives was demonstrated. Possibilities for recording data by two-

photon excitation in polymer composites containing diarylethenes were explored.  Appropriate 

non-destructive readout methods were evaluated. In particular, the feasibility of using RET from 

non-covalently attached fluorene derivatives to diarylethenes as a novel readout method in 3D 

optical data storage was demonstrated. Suitable fluorene derivatives were selected for RET 

studies, based on their δ2PA values, fluorescence quantum yields, and the degree of overlap of 

their emission spectra with the absorption spectra of the isomers of the photochromic 

diarylethenes. Finally, for practical applications of fluorene derivatives in 3D optical data 

storage, high photostability under intense laser excitation is required. Single- and two-photon 

photostability studies of two new fluorene derivatives with potential practical applications in 3D 

optical data storage are presented. 
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1.2 Research Outline 

 

This work is structured as follows: a summary of the recent contributions of two-photon 

absorption to high density optical data storage are presented in the background chapter (chapter 

2). This chapter also gives background information on diarylethenes for applications in 3D 

optical data storage and different non-destructive read-out methods, such as fluorescence read-

out. Applications of Förster Resonance Energy Transfer (RET) as a mechanism to read stored 

information are also presented in this chapter. This will lead into chapter 3 which provides 

details of the photophysical characterization and photochemical dynamics of two diarylethenes 

under one- and two-photon excitation. Chapter 4 will present the synthesis of diarylethenes 

containing fluorene moieties, including the synthetic methodology and details of their 

characterization, followed by results on an additional strategy to enhance the nonlinear optical 

properties of diarylethenes by using intermolecular Förster Resonance Energy Transfer in 

Chapter 5. Chapter 6 provides experimental results on a novel RET-based two-photon 3D optical 

data storage system with non-destructive readout via fluorescence modulation of an efficient 

fluorene dye by a photochromic diarylethene. Photostability studies of two new fluorene 

derivatives, attractive for applications in RET-based two-photon 3D optical data storage  are 

presented in chapter 7. Chapter 8 provides a synopsis of results and suggest some future 

directions for research in this area.  
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CHAPTER 2. BACKGROUND 

2.1 Two-Photon Absorption and its Contribution to Recent Advances in High Density 3D 
Optical Data Storage 

Two-photon absorption (2PA) involves the concerted absorption of two photons that 

combine to produce an electronic excitation that is conventionally caused by one-photon 

absorption (1PA) at a correspondingly shorter wavelength. Under suitable excitation conditions, 

the initial excitation transition that occurs in one-photon excitation (1PE) may also proceed via a 

two-photon process.  The history of 2PA began in 1931 when Göppert-Mayer predicted the 

possibility of the 2PA [11]. It was observed experimentally in the 1960´s owing to the advent of 

high-intensity lasers [12].  It was not until the mid-1990´s, with the increased availability of 

high-intensity lasers and the discovery of new chromophores exhibiting very large effective 2PA 

cross-section (δ2PA) values, that the door to 2PA applications in photonics and biophotonics was 

opened. δ2PA measures the efficiency of a molecule to absorb two photons under intense pulsed 

laser excitation. δ2PA is defined as the two-photon absorption cross-section and is typically 

expressed in Göppert-Mayer or GM units ( 1 GM = 10
-50 

cm
4 

sec photon
-1 

molecule
-1

), in 

recognition of Maria Göppert-Mayer. The two-photon phenomenon is being pursued in many 

fields such as two-photon optical power limiting [13], fluorescence microscopic imaging [14], 

3D microfabrication [15], and photodynamic therapy [16].  
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The 2PA process depends on both the spatial and temporal overlap (proximity) of the 

incident photons. In the single-photon process, the rate of photon absorption is directly 

proportional to the incident intensity (I). Contrary to this, as two photons are required in the 2PA 

process, the rate of absorption takes on a quadratic dependency on the incident intensity (I2). 

This quadratic, or nonlinear, dependence of 2PA on the intensity of the incident light has 

substantial implications, as demonstrated in our laboratory in Figure 2.1. The quartz cuvette in 

Figure 2.1 contains a fluorescent chromophore especially designed to be a good two-photon 

absorber (fluorene 1, Figure 2.1). The output from a tunable Coherent Mira 900 Ti:Sapphire laser 

(tuned to 760 nm, 200 fs pulse width, 76 MHz repetition rate) was focused into the cuvette by a 

10x objective (upper side), providing 2PE. A second-harmonic generator was used to double the 

frequency of 760 nm light (λexc: 380 nm), which was used as the 1PE source (as shown in the 

lower part of the cuvette).  

 

 

Figure 2.1. Photograph demonstrating the spatial selectivity of one-photon excitation vs. two-photon excitation in a 
CH2Cl2 solution of fluorene 1. 

 
Due to the direct proportionality of the rate of photon absorption on the incident intensity, 

linear excitation is not a highly localized process and significant absorption occurs all along the 

2PA∝ I2

1PA∝ I
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6.2.1 Non-destructive two-photon readout 

             Photochromic reactions are accompanied by rearrangement of chemical bonds. During 

the rearrangement, undesirable side reactions take place to some extent. This of course limits the 

number of cycles of photochromic reactions. Fatigue resistance is defined as the number of 

photochromic cycles at which the absorbance change of the open-ring isomer (or the closed-ring 

isomer) decreases to 80% of the first cycle. The best diarylethene derivatives can be cycled 

10,000 times with only 20% decrease of the initial absorbance [8]. In Figure 6.12, the non-

destructive capability of the two-photon up-converted fluorescence readout method proposed in 

this dissertation is demonstrated. Particularly noteworthy is that 10,000 read-out cycles were 

accomplished (Figure 6.12b) with no more than 20% decrease in the contrast and fluorescence 

intensity of the original two-photon image (Figure 6.12a) as demonstrated by the comparison of 

the corresponding intensity profiles (Figure 6.12c), fulfilling the requirements of “non-

destructive readout”. 

 

 

 

 

 

 

Figure 6.12. Demonstration of the non-destructive capability of the two-photon upconverted fluorescence readout 
method based on fluorene derivative a) initial two-photon fluorescence readout of data patterns recording by single-
photon excitation b) two-photon fluorescence readout after 10,000 readout cycles c) Comparison of the intensity 
profiles in a) and b) 

      

a b c
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6.2.2 Multilayer two-photon readout 

In Figure 6.13, the ability to read multiple layers of information by the two-photon read-

out method was demonstrated. A multilayer assembly was constructed by stacking two storage 

layers (recorded with different data using single-photon excitation) with data sides (films) 

against each other. The assembly was translated in the axial (or z) direction by a computer-

controlled step motor connected to the focusing knob of the microscope. 3D data from this 

memory stack was read by successively imaging 38 XY data planes along the axial direction (5 

µm distance between each image).  

 
 

 
Figure 6.13. Two-photon readout of 38 consecutive layers. The layer intervals were 5µm. 

 

Since the δ2PA of the closed form of diarylethene 2 is very small, transformation of the 

closed form to the open form under two-photon excitation (two-photon recording) requires high 

excitation intensity. A multilayer assembly was constructed by stacking two storage layers 

(shown in Figure 6.13).  The assembly was translated in the axial (or z) direction.  3D data from 

this memory stack was read by successively imaging 31 XY data planes along the axial direction 

#4 #8 #12 

#20 #24 #28 

#16 

#32 
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(5 µm distance between each image).  A 3D image was reconstructed from the real original two-

photon fluorescence imaging planes using 3D constructor ver. 5.1 (MediaCybernetics Inc.). An 

xy planar scan of each film (hexagonal grid image on the bottom and square grid image on the 

top) within the multilayer clearly shows the photo-patterned image (Figure 6.14). Important to 

note is that there is no cross-talk laterally (with a layer of recorded information) or radially 

(between data layers). 

 

 

Figure 6.14. Two-photon fluorescent images of the photosensitive films constructed in a multilayer configuration. 

6.3 Two-Photon Recording/Two-Photon Readout 

Figure 6.15 shows a schematic representation of two-photon data recording and readout 

onto photosensitive polymeric films containing diarylethene 2 and fluorene 19. For 

demonstrating the two-photon recording ability in this photochromic system, the same equipment 

used in data readout was employed, except that the incident power was adjusted to a 

considerably higher value at the focus (90 mW). A rectangular pattern (consisting of 445 x 345 

bits) was recorded in the storage medium, by repeated scanning of the laser beam across the 

rectangular area for 5 min (1.2 s/scan, Figure 6.16). 
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Figure 6.15. Schematic representation of two-photon data recording and readout onto photosensitive polymeric films 
containing diarylethene 2 and fluorene 19 

 

As the exposure time for each bit was estimated to be ~7.8 µs/scan and 250 scans were 

used, the total exposure time of each bit was estimated to be about 2 ms. After the two-photon 

recording process, data was read by the same two-photon fluorescence microscopy method 

(described above) using a low incident average power of 7 mW (Figure 6.16(b)). Furthermore, 

the quadratic relationship between fluorescence emission intensity and incident power provides 

strong evidence that the data readout in Figure 6.16(b) is, indeed, a result of two-photon induced 

fluorescence (Figure 6.16(d)), further confirming that the closed form of diarylethene 2 can 

transform to open form by two-photon excitation when excited by near-IR laser irradiation with 
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high incident intensity for data recording but essentially remains unchanged upon two-photon 

readout of the 2PA dye.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.16 Two-photon fluorescence image of storage medium before (a) and after (b) two-photon recording, (c) 
DIC readout of the storage data after two-photon recording, and (d) input intensity dependent up-converted 
fluorescence of fluorene 19. 
 

It is interesting to learn that, when the incident power of the two-photon recording 

process was reduced to 45 mW, the total exposure time for each bit increased to ~8 ms (4 times 

greater than that under 90 mW of average power excitation) to generate data with comparable 

contrast as that under 90 mW of average power excitation. This finding is consistent with the 

quadratic dependence of two-photon absorption on the incident light power. Thus, it can be 

estimated that, if the incident average power was further reduced to 7 mW, the exposure time for 

each bit would increase to ~330 ms. On the other hand, this estimation means that if a 

rectangular area (stored data, consisting of 512 x 512 bits) were readout under 7mW incident 
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average power with a scan speed of 1.2 s/scan (which is the typical speed used in the two-photon 

readout), the exposure time for each bit was estimated to be ~4.6 µs/scan. Up to 7.2×104 readout 

cycles (scans) are, in principle, required before the total exposure time of each bit reaches 330 

ms, which is related to significant erasure of the data points. In fact, we demonstrated that, under 

the previous experimental conditions, up to 10,000 readout cycles resulted in only a negligibly 

small decrease in the contrast and fluorescence intensity of the original image (see section 6.2.1), 

consistent with the results reported above. In contrast to other writing/reading systems, in which 

the read and write wavelengths are well separated, our system can be recorded and read-out 

using the same wavelength (simply by changing the intensities, and taking advantage of RET for 

both data writing and data read-out).  

6.3.1. Bit oriented memory: two-photon recording and readout as a function of recording 
time 

In Figure 6.17 we further demonstrate the two-photon bit-by-bit recording ability in this 

photochromic system.  A 20x microscope objective (NA=0.50) was used to focus the 

femtosecond laser (λ = 800 nm, average power = 12.6 mW) into the film, where the exposure 

time (from 1 s to 10 s, see Fig. 6.17) was manually controlled and the distance between two bits 

(15 µm) was controlled by moving the film position with a manual X-Y linear stage (Model 406, 

Newport Corp.).  Exposure times less than 1s were not attempted by this manual method.  The 

data bits were readout by the same two-photon fluorescence microscopy method using a low 

incident intensity of 4 mW and a 20x objective (Figure 6.17 (a) & (b)).  3D data from these data 

bits was readout by successively imaging 45 XY data planes along the axial direction (1 µm 

distance between each image).  The 3D image shown in Fig. 6.17(e) was also reconstructed from 
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the real, original two-photon fluorescence imaging planes using 3D constructor ver. 5.1 

(MediaCybernetics Inc.), and clearly indicates that the volume of the data bits (voxels) can be 

controlled by the exposure time. 

 

Figure 6.17 (a) Single-photon and (b) two-photon read-out of data bits recorded by two-photon excitation 
(recording: obj. 20x/NA = 0.5, λ = 800 nm, P = 12.6 mW, t = 1, 3, 5, 7, 10 s (from left to right); readout: λ = 800nm, 
average power = 4 mW.  The scale bar corresponds to 10 µm.  The corresponding intensity profiles (the direction is 
shown by the arrows, (c) represents image (a) and (d) represents image (b), and (e) 3D image representing 45 
consecutive layers (1 µm layer interval).  
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6.3.2. Bit oriented memory: two-photon recording and readout as a function of recording 
intensity 

In Figure 6.18 we demonstrate the two-photon bit-by-bit recording ability in this 

photochromic system as a function of laser intensity, while maintaining a constant exposure 

time.   A 20x microscope objective (NA=0.50) was used to focus the femtosecond laser (λ = 800 

nm) into the film, where the exposure time (7 s) was manually controlled and the distance 

between two bits (15 µm) was controlled by moving the film position with a manual XY linear 

stage (Model 406, Newport Corp.).  Several recording average powers (P) (P = 4, 6, 8, and 10 

mW) were tested.  After recording, the data bits were readout by the same two-photon 

fluorescence microscopy method using a low incident average power of 4 mW and a 20x 

objective and by DIC (Figure 6.18).  Figure 6.18 (c) and (d) show the corresponding intensity 

profiles of the recorded bits (the direction is shown by the arrows), read out by DIC (a) and by 

two-photon fluorescence (b), respectively. 3D data from these data bits was readout by 

successively imaging 45 XY data planes along the axial direction (1 µm distance between each 

image).  The 3D image shown in Fig. 6.19 was reconstructed from the real original two-photon 

fluorescence imaging planes using 3D constructor ver. 5.1 (MediaCybernetics Inc.) and clearly 

indicates that the volume of data bits can be controlled by the exposure time. 
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Figure 6.18 (a) Single-photon (DIC) and (b) two-photon read-out of data bits recorded by two-photon excitation 
(recording: obj. 20x/NA = 0.5, λ = 800 nm, P = 4, 6, 8, and 10 mW, t = 7 s (from top to bottom); readout: λ 
=800nm, P = 4 mW.  The scale bar corresponds to 10 µm.  (c) and (d) show the corresponding intensity profiles of 
the recorded bits (the direction is shown by the arrows), readed out by DIC (a) and by two-photon fluorescence (b), 
respectively. (c) represents image (a) and (d) represents image (b) 

 

These results demonstrate the multiple advantages of this two-photon 3D optical data 

storage system, not the least of which is that our approach does not require complex, multistep 

synthesis to prepare a modified photochromic compound. Also, since no covalent attachment of 

the fluorene is required, the electronic distribution and conformation of the photochrome is not 

perturbed, and desirable photochromic properties are not lost. Finally, the diarylethene isomers 

(open or closed) are not directly used to read-out the stored information, so the read-out method 

is non-destructive, as demonstrated in section 6.2.1. 
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Figure 6.19 3D image reconstructed from the real original two-photon fluorescence imaging planes using 3D 
constructor ver. 5.1 (MediaCybernetics Inc.) indicating that the volume of data bits can be controlled by the 
excitation intensity. 
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CHAPTER 7. PHOTOPHYSICAL STUDIES OF NEW FLUORENE 
DERIVATIVES FOR APPLICATIONS IN RET-BASED TWO-PHOTON 3D 

OPTICAL DATA STORAGE: PHOTOSTABILITY 

The fluorene derivatives presented in the previous chapter were shown to undergo 

efficient 2PA after fs irradiation. As a result of intensive investigation in this research group, 

new promising fluorene derivatives have been synthesized, showing strong molecular 

polarizability for sufficiently strong nonlinear absorption upon excitation [39]. In particular, 

fluorene derivatives 21 and 22 (Figure 7.1) showed relatively large two-photon absorption cross-

sections (the values of δ2PA for 21 and 22 were 270 ± 50 GM and 460 ± 80 GM, respectively at 

840 nm) and high fluorescence quantum yields (~0.9 – 1.0), making these compounds quite 

promising for application in 3D fluorescence imaging and optical data storage. However, if the 

compounds cannot withstand the intense irradiation conditions required for nonlinear excitation, 

their optical properties will be rendered useless for long-term applications. Hence, the 

photostability of such fluorene derivatives is a key parameter to establish, and facilitate their full 

utility in critical applications in, for instance, RET-based two-photon 3D optical data storage. 

The following discussion will concentrate on photostability studies in solution of fluorene 

derivatives 21 and 22 (Figure 7.1).  

Photodecomposition (the irreversible light-induced destruction of a material) is one of the 

main limitations of many organic dyes for their application in nonlinear optics and photonics.  

Hence, the photochemical stability of organic dyes, such as fluorene derivatives, under one- and 
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two-photon excitation is critical for a number of emerging nonlinear optical applications.  

Photodecomposition of simple fluorene derivatives was investigated early on with regards to 

problems of environmental contamination [53]. 

 

 

Figure 7.1 Molecular structures of linear and branched fluorene derivatives 21 and 22. 
 

Photolytic degradation of certain fluorene derivatives under UV irradiation and the 

dependence of photolysis kinetics on molecular weight and type of substituents were shown [54]. 

The effect of solvent and substituents on the photooxidation of a few fluorene derivatives and the 

photochemical behavior of fluorene at a silica gel/air interface have been reported [55].  A 

theoretical study of the photo-oxidation of the 2PA chromophore AF50 [56a] and formation of its 

possible photoproducts was also reported [56b].  



 96

Photochemical decomposition under two-photon excitation may well be different from 

the reactions induced by low intensity irradiation [41a].  Even in the case when the same excited 

state of the molecule is populated under one- and two-photon excitation, additional 

photochemical processes, such as photoionization and bond fission [41b], are possible for the 

latter type of excitation due to high irradiation intensities.  There is evidence, that in many dye 

systems, the photobleaching rates by two-photon excitation are significantly enhanced with 

respect to one-photon excitation at comparable photon-emission yields [41c]. Until now, 

relatively little is known about two-photon photodecomposition of fluorene derivatives 

possessing high nonlinear absorptivity.  Preliminary investigation of photochemical processes of 

select fluorene derivatives under two-photon excitation were investigated in our lab [44], and an 

increase in the photodecomposition quantum yield was observed for (7-benzothiazol-2-yl-9,9-

didecylfluoren-2-yl)diphenylamine in CH2Cl2 under femtosecond two-photon excitation.  The 

primary goal of this work is the investigation of the photochemical stability of new linear and 

branched fluorene derivatives (Figure 7.1) that possess large 2PA cross-sections (maximum 

values ~ 2000 - 4000 GM) [57].  

In addition, a cursory examination of several photoproducts of 21 and 22 was undertaken 

to provide some speculative, but informative, insight into the photodecomposition processes. 

Potential photobleaching pathways were investigated by working at different dye concentration 

(to determine the dependence of photobleaching on molecular concentration) and oxygen 

concentration. Oxygen, a strong triplet quencher, can minimize photobleaching via the triplet 

state, but on the other hand, reactive singlet oxygen (O2 (1∆g)) can be generated by triplet-triplet 

annihilation between O2 (3Σg −) and the dye molecule, both in their triplet states.  Since some 

fluorene derivatives synthesized in our laboratory have the ability to generate singlet oxygen O2 
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(1∆g), under single and two-photon excitation with high quantum yields (Φ∆=0.35 to 0.75) [58] 

there is great interest in determining the effect of oxygen concentration on the photostability of 

these fluorenes derivatives. Photostability or lack thereof, is often considered the Achilles Heel 

of organic photochromic materials, and the studies conducted herein are critical to determine the 

robustness and limitations of potentially useful nonlinear absorbing dyes. 

7.1 Materials, Methods, and Instrumentation 

 Photochemical properties of the fluorene derivatives 4,4’-[[9,9-bis(ethyl)-9H-fluorene-

2,7-diyl]di-2,1-ethenediyl]bis(N,N-diphenyl)benzeneamine (21, reference 39e) and 4,4’,4’’-

[[9,9-bis(ethyl)-9H-fluorene-2,4,7-triyl]tri-2,1-ethenediyl]tris(N,N-diphenyl)benzene 

amine (22, reference 39e) were studied in air saturated and deoxygenated spectroscopic grade 

poly(tetrahydrofuran) (pTHF) (MW 250) at room temperature [39e].  Deoxygenated solutions 

were obtained by bubbling Ar through the solutions for 30 min or repeated freeze-pump-thaw 

cycles (both procedures yielded identical results).  The absorption spectra were recorded using an 

Agilent 8453 UV-visible spectrophotometer in 10 mm path length quartz cuvettes for 

concentrations, C, ≤ 2 x 10-5 M.  The fluorescence, excitation, and excitation anisotropy spectra 

of 21 and 22 were obtained using a PTI Quantamaster spectrofluorimeter in 10 mm fluorometric 

quartz cuvettes for dilute solutions (C ≤ 10-6 M).  Two-photon absorption cross-sections, δ2PA, of 

21 and 22 in pTHF were determined by an open aperture Z-scan method [46] and an up-

converted fluorescence technique (relative to fluorescein in water) [45], using a femtosecond 

laser system (Clark-MXR, CPA2010, Ti:Sapphire amplified system followed by an optical 

parametric generator/amplifier (TOPAS 4/800, Light Conversion) with pulse duration, τP ≈ 140 fs 
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(FWHM), repetition rate, f = 1 kHz, tuning range 560 - 2100 nm, and maximum average power, 

P0 ≈ 25 mW).   

The quantum yields of the photochemical reactions (photodecomposition) of 21 and 22 in 

pTHF under one-photon (Φ1PA) and two-photon (Φ2PA) excitation were determined by absorption 

and fluorescence methods, described in detail in Refs. 44 and 59.  These methods are based on 

measurements of the temporal changes in the steady-state absorption and fluorescence spectra 

during irradiation, respectively.  The absorption method was described in section 3.2. The values 

of Φ1PA were obtained also by employing a fluorescence method with the corresponding equation 

[58b]:  

 

                   Φ1PA = [1 – F(tir) / F(0)] / {λ∫ 0∫ tir I0(λ) σ(λ) [F(t) / F(0)]dλdt},                          (2) 

 

where F(0) and F(tir) are the initial and final fluorescence intensity expressed in relative arbitrary 

units (typically, in counts/s) and σ(λ) is the one-photon absorption cross-section (cm2).  The 

experimental setup for one-photon excitation is shown in Figure 7.2a.  The entire volume of the 

fluorene solution was irradiated simultaneously with the UV-lamp, LOCTITE 97034 (average 

irradiance, I0 ≈ 130 mW/cm2), in the spectral range 400 - 440 nm (using glass UV-visible filters).  

In the case of the absorption method, 2 mL of pTHF solutions of 21 and 22 were placed into 

quartz cuvettes (10 x 10 x 35 mm) and temporal changes in the absorption spectra were 

measured spectrophotometrically. Whereas a microcuvette (1 x 1 x 10 mm) was used in the 

fluorescence method, and the changes in the fluorescence spectra during irradiation were 

measured with the spectrofluorimeter.  
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The quantum yields of the photodecomposition processes under two-photon excitation, 

Φ2PA, were determined with the experimental setup presented in Figure 7.2b.  The values of Φ2PA 

were obtained by the fluorescence method [44, 58b], using the PTI spectrofluorimeter and 

femtosecond laser system described above.  Calculations of Φ2PA were performed from the initial 

slope of the dependencies F(t) [44, 58b] using a Gaussian spatial and temporal beam profile 

approximation.   

Photochemical products of 21 and 22 formed in pTHF (after one-photon excitation) were 

analyzed by HPLC and mass spectrometry (MS) techniques. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 7.2 Schematic diagrams of the experimental setup. (a) One-photon excitation: 1 – UV-lamp (LOCTITE 
97034); 2 – liquid waveguide; 3 – lens (5 cm); 4 – glass UV-visible filters; 5 – 10 x 10 x 35 mm quartz cuvette. (b) 
Two-photon excitation: 1 – femtosecond laser system (CPA2010); 2 – lens (30 cm); 3 – 1 x 1 x 10 mm quartz 
microcuvette.  
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A Waters HPLC instrument equipped with a binary pump (1525), an in-line degasser, a 

PDA detector (2996), and a manual injector (7725I) was used for HPLC method development.  

The best chromatographic separation was achieved by using a silica gel analytical column (4.6 x 

150 mm, particle size 5 µ, pore size 100 Å), with a 97:3 hexane:ethyl acetate mobile phase in 

isocratic flow mode. The flow rate was 1.0 mL/min, the injection volume was 50 µL, the column 

temperature was 30 oC, and the run time was 16 min.  Atmospheric pressure chemical ionization 

mass spectrometry (APCI-MS) was performed with a Thermo-Finnigan LCQ Duo LC-MS 

instrument equipped with an UV detector (UV6000 PDA), and APCI source (Thermo-Finnigan), 

and an ion-trap.  Samples were analyzed using APCI ionization and monitored in the positive 

ionization mode (nitrogen was used as a nebulizer gas and as a dryer gas).The vaporizer and 

capillary temperatures were 450 and 200 °C, respectively.  The corona discharge voltage (4.5 

kV), sheath gas flow (48 a.u.), auxiliary gas flow (3 a.u.), discharge current (10 µA), capillary 

voltage (38 V), and the SID fragmentor voltage (6V) were determined by tuning the mass 

analyzer by infusing a solution of 21 and 22 at 10 µL/min and monitoring the mass-to-charge 

ratios in the region of 100 to 1500 u.  The injection volume was 100 µL.  Data was acquired with 

Xcaliber v1.2 software.  

7.2 Spectral Properties 

 The absorption, fluorescence, and excitation anisotropy spectra of 21 and 22 in pTHF are 

shown in Figure 7.3.  The shapes of the fluorescence spectra were independent of the excitation 

wavelength over the entire spectral range of the measurements. The changes in the excitation 

anisotropy spectra (curves 3) revealed the spectral position of different electronic transitions in 
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the absorption spectrum.  Linear fluorene 21 (Figure 7.1) exhibited a fairly constant value of 

anisotropy in the long wavelength absorption band, corresponding to one electronic transition in 

this spectral range (370 nm – 470 nm ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 7.3 Absorption (1), corrected fluorescence (2), and excitation anisotropy (3) spectra of 21 (a) and 22 (b) in 
pTHF. Excitation anisotropy spectra (3) were observed at the emission wavelengths 500 nm (a) and 510 nm (b), 
respectively. 
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In contrast, a decrease in the anisotropy of branched compound 22 revealed at least two 

different electronic transitions in the main absorption band (360 nm – 480 nm).  A 

comprehensive analysis of the electronic structure of 21 and 22 including quantum-chemical 

calculations was recently reported [60]. Extinction coefficients of 21 and 22 for the 

determination of one-photon photodecomposition quantum yields were obtained in p-THF, and 

nearly equal to each other ε(λmax) ≈ 105 M-1 cm-1 (λmax is the wavelength of the corresponding 

maximum).  Two-photon absorption cross-sections, δ2PA, were determined in pTHF at the 

excitation wavelength, λexc = 840 nm, by two different methods (open aperture z-scan [46] and 

up-converted fluorescence techniques [45] with femtosecond excitation).  

The values of δ2PA for 21 and 22 were 270 ± 50 GM and 460 ± 80 GM, respectively at 

840 nm.  Both methods gave similar results for the δ2PA. High fluorescence quantum yields of 21 

and 22 (~0.9 – 1.0), in combination with relatively large δ2PA, make these compounds quite 

promising for application in 3D fluorescence imaging and optical data storage.   

 
 

7.3 One-Photon Photochemical Stability 

  
The quantum yields of the photochemical (photodecomposition) reactions of 21 and 22 in 

pTHF, Φ, were determined by the absorption and fluorescence methods described above. Kinetic 

changes in the absorption and fluorescence spectra under UV irradiation are presented in Figures 

7.4 and 7.5.  The initial slopes of the temporal dependences of the optical density, D(t), and 

fluorescence intensity, F(t), were used for the quantum yield calculations. The values of Φ 

obtained by the two different methods are listed in Table 7.1.  Both methods afforded nearly the 
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In order to understand the mechanism of photodegradation and determine the chemical structures 

of possible photoproducts, the APCI mass spectra of 21, and the most abundant photoproducts 

(21Ph5 and 21Ph6) were obtained.  Mass spectra of other photoproducts (21Ph3 and 21Ph4) 

could not be detected accurately, since the amount of these photoproducts formed was too low. 

Negative ionization mode did not provide useful information. In contrast, positive ionization 

mode yielded reproducible mass spectral data. Fragment ions and the molecular ion for 21Ph5 

are given in Table 7.2. Based on the analysis of the APCI mass spectra and Ref. 62, some 

possible structures of fragment ions of 21Ph6 are proposed in Figure 7.7.  Since aromatic amines 

are generally photostable [62], photochemical reactions were expected to involve other 

functional groups in the molecule, particularlly the C=C double bonds.   

 
Table 7.2 Fragment ions in the APCI mass spectra of photoproducts 21Ph2, 21Ph6, 22Ph1, 22Ph2, 22Ph3 and 22Ph4 
 
                         

 

 

 

 

 

 

 

 

 

 

[M+H]+ indicates the molecular ion 

 


