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SUMMARY: Azobenzenes can serve as model compounds for the study of trans- 
cis isomerization in more complex molecules. We have performed time-resolved 
spectroscopy in solutions containing free azobenzene chromophores and diols with 
a view to obtaining the energy levels and lifetimes of the excited states. A 
transition route based on experimental results for the theoretically calculated 
energy level scheme is proposed. Physical observations of surface relief in thin 
films of azobenzene polymers when irradiated with polarized light are reported. 
These include two beam polarization holographic observations and single beam 
transmission measurements through a mask, followed by atomic force microscope 
and profiler investigations. It is concluded that none of the prevalent theories can 
explain all the observed facts. 

Introduction 

Trans-cis isomerization processes play an important role in nature, such as in the field of 

vision'). Azobenzenes with their simple structure serve as model compounds for investigating 

these isomerization processes. During such an isomerization, the molecule physically alters its 

dimensions, giving rise to interesting physics2). Generally, the trans-cis isomerization has 

been found to be rapid, on the order of a few ps. The cis state can isomerize back to the trans 

state either through a thermal process or a light induced process. An important parameter for 

the determination of the spectral and temporal response of such systems is an understanding 

of the energy levels of azobenzene. To date there is little known experimentally about the 

energy levels of azobenzene, especially the ordering of the triplet levels. 

Recently, polymers in which azobenzenes are attached in the main or side chains, have been 

found to have great potential for optical information storage3-"). Optical storage based on 

azobenzene has been achieved both in guest-host systems and in systems with the azobenzene 
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bonded to the polymer structure. One of the most intriguing discoveries in polymers with 

azobenzene in side or main chains is the appearance of a surface relief on irradiation with 

laser beams. Initial experiments have been performed with two coherent argon ion laser 

beams in a holographic set-up with the same polarization", 12). We have shown that a strong 

surface relief arises even in a polarization holographic set-up with orthogonally polarized 

beamsI3) when no intensity modulation takes place. In fact, experiments performed even with 

single laser beams incident at an angle to the film, breaking the s-p symmetry show a 

pronounced surface relief 1 4 ) .  

Two different studies on the azobenzene polymers are reported in this article. The first study 

reports time-resolved spectroscopy of azobenzene in a solution. The aim of this research is to 

determine the lifetimes of the excited states in the trans state of the azobenzene, as well as to 

determine a path to isomerization. In the second part of the article, we discuss the nature of 

the surface relief obtained, when an azobenzene containing film is irradiated with one or more 

polarized light beams. We show that the nature of the surface relief is different in the different 

polymers studied, depending on their architecture. 

Several side-chain polymers have been examined in the current study - side-chain liquid 

crystalline polyesters, polyesters with a chiral substituent on the azobenzene, polyesters with a 

rigid main chain, methacrylate co-polymer systems with 20 to 100% azobenzene 

concentration, azobenzene peptide oligomers and a methacrylate polymer with disperse red. 

Synthesis 

The synthesis of the azobenzene chromophore with different substituents has been discussed 

by Pedersen 15). The structure of the cyanoazobenzene in a diol configuration and as a free 

chromophore is shown in Fig. 1.  The synthesis of the side-chain liquid crystalline polyesters 

has been discussed in Ref. 16, methacrylate co-polymer systems in Ref. 17, peptide oligomers 

in Ref. 18 and methacrylate polymer with disperse red in Ref. 19. 

N = C ~ N ~ N ~ O H  \ /  

Fig. 1 : The structure of the cyanoazobenzene in a diol and as a chromophore. 
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Instrumentation 

Thin films of the polymers have been obtained by dissolving the polymers in suitable 

solvents (chloroform, THF or trifluoroacetic acid-hexafluoroisopropanol) through either 

solution casting or spin-coating on glass substrates. Thicknesses of the films varied between 2 

and 10 pm as measured with a Dektak 3030 profile measuring system. 

Time-resolved spectroscopy 

The mechanism of the isomerization of azo compounds has not been unambiguously 

determined. Both a rotation and an inversion path have been proposed 20-23). An energy level 

diagram for CN substituted azobenzene based on recent  calculation^^^) using a Pariser-Pan- 

Pople (PPP) model supplemented with perturbation analysis is shown in Fig. 2. 
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Fig. 2: The transition routes considered in the rate equation model. 

Measurements of quantum efficiency for the trans-cis isomerization have shown that the 

isomerization yield upon excitation to the S2(n-n*) is only half of what is obtained upon 

excitation to the S ~ ( n - n * ) ~ ~ ' ~ ~ ) .  It is thus reasonable to assume that there exists a path from the 

Sz state to the trans ground state, not involving the Sl(n-n*) - but possibly involving the TI 

and T2 triplet states. 

Relatively few measurements have been made on the time-resolved spectroscopy of 

azobenzene. The time resolved emission from the Sl(n-n*) excited states of azobenzene has 
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been studied by Struve 26), using a wavelength of 531 nm for excitation of trans-azobenzene 

dissolved in cyclohexane. It was found that the fluorescence signal had a decay time of -25 

ps. Morgante and S t r ~ v e ~ ~ )  also studied time resolved emission from the S&r-n*) state of the 

excited azobenzene, using 354 nm for excitation, and found that the fluorescence from the Sz 

state has a lifetime of less than 5 PS*~). Hamm et al. used time resolved IR spectroscopy to 

study the vibrational cooling of photoisomerized azobenzene molecules28). Here a wavelength 

of 408 nm was used for the excitation of the Sz(n-n*) state. The vibrational spectra were 

probed between 1400 and 1550 cm-’. Lednev et al.25) have performed time resolved 

absorption spectroscopy on azobenzene dissolved in hexane, cyclohexane, hexadecane and 

acetonitrile, using a 303 nm pump. This again pumps the S2(7r-n*) state. The probe 

wavelengths in this case were between 303 nm and 500 nm. The observed time resolved 

changes in the absorption could in all cases be fitted with a double exponential decay, with 

decay times on the order of 1 ps and 13 ps. From these data, the presence of a bottleneck state 

was suggested. Within the accuracy of the measurements, no correlation between solvent 

viscosity and lifetimes was observed, and only a weak dependency was found between the 

solvent dielectric constant and the lifetimes. 

Experimental set-up for degenerate measurement 

Two types of experiments will be described in this section. In the first experiment we 

performed degenerate pump-probe measurements at a wavelength of 400 nm. The setup for 

this part is shown in Fig.3. 

Regen Amplifier Ti Sap Osc. 
-3 mJ, 4 0 0  fs, 600 nm, 20 ICH 60 MHz, <lo0 fs, 600 nm 

k L1 

L5 L6 L7 Intfilter 

Flow Pol A - 
Fig. 3 : Experimental set-up to perform the degenerate pump-probe measurements 

Pulses from a Ti-Sapphire oscillator291 are amplified in a regenerative amplifier3’), to produce 

800 nm pulses, (pulse width less than 100 fs), with a pulse energy of about 3 pJ, at a 

repetition rate of 20 kHz. The light is frequency doubled using a BBO crystal, and residual 
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800 nm light is rejected using a color filter. A small fraction ofthe blue light (the probe beam) 

is reflected of a beam splitter (BSl), and directed toward a fixed delay arm, the main part of 

the 400 nm light (the pump beam) going to a variable delay. The pump and the probe beam 

are chopped at 700 and 1600 Hz, before the two beams are directed collinearly towards the 

sample cell. The polarization of the probe beam can be controlled using wave plates. In this 

way we can measure the signal with the polarization state of the pump and the probe beam 

either parallel or perpendicular to each other. The two beams are tightly focused onto the flow 

cell (a 1 mm path length quartz flow cell) using a 50 mm lens, then collimated again, before 

the pump beam is blocked with an aperture. After a neutral density filter, the probe beam is 

focused onto a detector. The output from the detector is fed to a lock-in amplifier, which is 

referenced to the sum of the two chopping frequencies (2.3 kHz). The double chopping 

scheme is used in order to avoid problems with detecting scattered pump light. The flow 

system used for these measurements was composed of a gear-driven pump, a glass bottle for 

reservoir, and teflon tubing and fittings. 

Non-degenerate measurement 

This set-up was the same as the previous set-up, apart from the fact that in this set-up the 

residual 800 nm light from the frequency doubling was used to generate white light in a 

sapphire crystal in the probe beam arm. A polarizing beam splitter was used to overlap the 

pump and the probe beam, and finally a series of interference filters were used to select 

different probe wavelengths. 

Data treatment 

Due to the low pulse energy we had to focus both the pump- and the probe beam tightly in the 

sample volume, in order to obtain a suitable signal to noise ratio. Unfortunately the 

AA 
consequence of this is that we cannot determine the absolute values of - , where Ipump is 

the pump intensity, and AA is the induced change in absorbance. All the data presented are 

therefore normalized. 

'pump 

Recent measurements of the N=N stretching mode on unsubstituted azobenzene have shown 

that the depolarization ratios are very close to 1/3 for wavelengths in the range from 445 to 

570 run3'). We have thus used the following equation to calculate the anisotropy of the sample 
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3 A A - A A  

where AAll and AAL are the normalized change in absorbance for probe polarized parallel and 

perpendicular to the pump beam. In order to determine the sign of AA, measurements were 

performed with only the pump beam chopped. A small fraction of the pump beam was 

allowed to strike the detector, (thus allowing us to set the phase of the lock-in amplifier), by 

monitoring the change in the lock-in signal as the probe beam was blocked/unblocked, the 

sign of AA could be determined. 

Results and Discussion 

Experiments have been performed on a series of substituted azobenzene chromophores using 

NO2, CN and Phenyl as substituents. The degenerate measurements were performed with the 

polarization of the probe beam parallel and perpendicular to the pump polarization, as this 

::k CN substituted azobenzene 

Chrornophore 

-1,2 1 ,  , , , , , , , , , , , , , , , 
0 2 4 6 8 1 0 1 2 1 4  

Time [ps] 

Fig. 4: Experimental data (points) and theoretical fits (solid curves) to the change in 
normalized absorption for the case of cyanoazobenzene chromophores and in a diol. 

allows us to examine not only the change in absorption, but also examine the decay of the 

induced anisotropy in the sample. The non-degenerate measurements were only performed 

using perpendicular polarization, as the degenerate measurements only showed minor 

contributions from the anisotropy term, during the first 10 ps, after the pump pulse. 
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Fig. 5: Experimental data (points) and theoretical fits (solid curves) to the change in 
normalized absorption for the case of nitro-substituted chromophores and in a diol. 

In Fig. 4, the normalized AA signal is shown for the CN substituted azobenzene. In Fig. 5 the 

normalized AA signal is shown for the NO1 substituted azobenzene, for different probe 

wavelengths, and for the 400 nm probe wavelength with the polarization of the probe beam 

Phenyl substituted mbemne chromophores 
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Fig. 6: Experimental data (points) and theoretical fits (solid curves) to the change in 
normalized absorption for the case of phenyl substituted chromophores and in a diol. 

perpendicular to the pump beam. There is a tendency to a faster decay for longer probe 

wavelengths, which has also been observed by Lednev et al?) in unsubstituted azobenzene. 
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Substituent T [ps] (substituted chromophore) 

CN 77 

NO2 71 

Phenyl 89 

We find that the attachment of the chromophore to the polymer does not change the 

characteristics of the chromophore substantially. This is an important observation, as this 

means that we can expect the results obtained from the substituted chromophore will also 

apply to the final polymer structure. In Fig. 6, the normalized AA is shown for the phenyl 

substituted azobenzene. In this case all the probe wavelengths apart from the 400 nm shows 

almost the same behavior. We have also observed in this case that there is no substantial 

difference between the chromophore alone and as attached to a side-chain. 

T [ps] (attached to side-chain) 

80 
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Fig. 7: Anisotropy in CN substituted azobenzene chromophore and diol. 

Theoretical analysis 

Using eqn. (l), we have calculated the anisotropy for the different samples in the degenerate 

case. An example of this for CN substituted chromophore and diol is shown in Fig. 7. For 

t>20 ps, these curves can be fitted fairly wcll with a single exponential. The decay time 

constants T, for the anisotropy found from a single exponential fits are shown in Table 1. 
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It is seen that there is tendency of increased time constants for larger substituents. There is 

also an increase in the time constants for the case of chromophores attached to a side-chain, 

which might be due to the fact that molecular mobility is reduced for larger systems. 

Kinetics 

We have set up a model to describe the observed data. From the literature we know that 

1) Measurements of quantum yields for trans-cis isomerization cpe, upon Sl(n-n*) and S2(7c- 

n*) excitation has been reported, and it is found that the quantum yield upon Sl(n-n*) 

excitation is about twice the value obtained upon S~(n -n*)~~) .  

2) Earlier time resolved fluorescence of the Sl(n-n*) excited trans azobenzene showed 

lifetimes of the order of 25 P S ~ ~ ) .  

3) Recently, Lednev. et al. reported time-resolved absorption measurements on Sz(n-n*) 

excited unsubstituted trans azobenzene, in this study lifetimes of 1 ps and -13 ps was 

observed2j). 

4) Measurements of quantum yield for trans-cis isomerization upon excitation into both the 

Sl(n-n*) and the Sz(n-n*) band, performed by Bourtolus and Monti3’), indicate that 

isomerization takes place either directly from the SI or a state reached from the SI  state. 

5) Measurements using triplet energy donors, with ET 2 45.3 kcalhol showed that these 

donors could not sensitize the trans-cis isomerization, whereas cis-trans isomerization could 

be sensitized with unity quantum yield. From these studies it was concluded that photo 

isomerization occurs in the singlet manifold 32). 

In order to explain the observed behavior we suggest the following scheme. After excitation 

to the S2 state a rapid depopulation of the Sz state, through decays to the SO, SI ,  and Tz states, 

takes place. All the molecules excited to the SZ state cannot decay through the S1 state since 

the quantum yield for trans-cis isomerization upon S2(n-n*) excitation is only half of what is 

obtained upon Sl(n-n*) excitation. The population of the TZ state is supported by the following 

argument: 

From Fig.6, it can be seen that after the depopulation of the S2 state another rapid transition is 

taking place. This cannot be a depopulation of the S1 state, through an SI-TI transition, as the 

TI state is known not to i~omerize~~).  On the other hand a TZ -TI transition would be expected 
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to be fast, as observed, whereas both SI-TI and TI -SO transitions would be expected to be 

very slow (on this timescale). Thus we believe that the final product we observe consists of 

ground state trans and cis azobenzene, and TI  excited azobenzene, with a long lifetime. 

We have modeled the data by setting up a set of rate equations describing a six level system. 

The states involved are the ground state of the trans configuration t-So , the directly excited 

trans configuration t-S2, two intermediate trans states, t-S, and t-T2, and finally the cis ground 

state and the trans TI state. According to the assumptions the t-S2 state will decay to the t-T2; 

t-S,, and t-So states, with a rate R s ~ .  The t-T2 state decays to the t-TI and the t-So state with a 

rate R T ~ .  The t-Sl state decays to the t-So and the cis state, with a rate Rsl. The branching 

between the different states is denoted by 0, where 0a.b denotes the probability that a 

molecule decaying from state a will decay to state b. The rate equations to be solved are 

shown below, where n, denotes the population of molecules in the x state, with the initial 

condition ns2(0)=1. 

The absorbance of the sample is given by the following equation: 

As the absorbance of the excited states is not known at present we can not determine the 

branching ratios and thereby the quantum efficiency for the photo-isomerization, but the rates 

can be determined from the fitting procedure. These results are shown in Table 2. The 
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Sample m 2  [PSI 

measured data and the fitted curves for different probe wavelengths are shown in Figs. 4, 5 

and 6. In this case, the rates are kept fixed and only the absorbance of the different states has 

been varied for the different probe wavelengths. 

1ET2 [PSI 1IR,I [PSI 

Tab.2. Rate constants 

NO2 4001630 nm I 1 .o 2.0 10.0 

NO2-diol400 nm I 1 .o 2.0 10.0 

probe 

probe 
Phenyl400/5 14 nm 

probe 
Phenyl- diol400 nm 

probe 
CN 400 nm probe 
CN-diol400 nm 

Surface relief in thin azobenzene polymer films 

For the study of anisotropy and surface relief in the films, a polarization holographic system 

was used. Two beams from an argon ion laser at 488 nm were allowed to overlap in the film, 

and the inscribed grating was probed with a HeNe laser at 633 nm. The plane of incidence is 

horizontal in all the experiments described below. The polarization of the write beams could 

be changed to vertical-horizontal, +/- 45" and orthogonal circular configurations. Similarly the 

polarization of the read beam could be chosen to be linear or circular. In almost all cases, we 

found that a topographic relief appears in addition to the anisotropic grating. The topographic 

grating appears to be extremely stable. In the case of peptide oligomers, the grating is not 

erased even at 210 "C. Long term measurements of anisotropy in amorphous azobenzene 

polymers induced with a single beam, show a complete decay of the anisotropy in 

approximately 20000 minutes33). However surface relief gratings written in these films are 

stable over a period of years. 

0.5 3.3 20.0 

0.5 2.0 10.0 

0.33 2.0 10.0 
0.5 5.0 20.0 

We have been able to separate the anisotropic (polarization) properties of the gratings from 

that of the isotropic (surface-relief) properties. In this case, the gratings were written with 

orthogonal circular polarization and the read beam was polarized vertically or horizontally. 

The first order diffracted beam was split into horizontally and vertically polarized components 

through a Wollaston prism and the two beams were detected individually as a function of 
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time. Through the use of Jones' calculus, the contributions to the diffraction efficiency from 

anisotropy and surface relief can be calculated 34). 

The gratings obtained above have also been examined with a TopoMetrix Explorer atomic 

force microscope. Atomic force microscopic measurements have also been performed in these 

films after they have been irradiated through a transmission-grating mask. The period of the 

grating was 30 pm while the width of the transmitting areas varied between 2 pm and 25 pm. 

The irradiation in this case was performed with an argon ion laser at 488 nm with vertical, 

horizontal or circular polarization. 

All polymers containing azobenzene in side and/or main chains have been found to exhibit a 

strong regular relief when irradiated with two polarized beams of light. Even a single beam of 

light incident at an angle to the film surface so as to break the s-p symmetry has been found to 

give a large roughness of the surface depending on the polarization of the incident lightI4'. 

Calculation of the diffraction efficiency with anisotropy and surface relief 

We have shown34) that the contributions of anisotropy and surface relief to the diffraction 

efficiency can be estimated through a measurement of the first order diffraction efficiency as 

follows. The grating is written with two orthogonally circularly polarized beams and is probed 

using a linearly polarized HeNe laser beam. The first order diffracted beam is split into a 

horizontal (H) and a vertical (V) component using a Wollaston prism. Using Jones calculus, 

the intensities of the two beams after the Wollaston prism are 

I vy  4 a+beiso 1 =a +b +2ab cos S, 

Ivh=a 2 

Here the first index v refers to the vertical polarization of the probe beam and the second 

indices v, h refer to the vertical and horizontal component of the diffracted wave. 

For horizontal polarization of the probe beam we obtain: 

2 Ihv=a 
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Thus, by measuring the intensities I,,, Ivh, Ihh and It,, we can find a, b and 60. In the above 

equations, a= sin(Acp)/2, and b = cos(Acp)Jl(Ay). Here, Acp = x(Sn)d/h is the anisotropic phase 

shift due to the induced birefringence 6n, d is the film thickness and h is the wavelength. A y  

= x(An)(Ad)/h, An is the difference between the refractive index of the polyester and air and 

(2 Ad) is the relief height. Jl(AY) is the first order Bessel h c t i o n  of the first kind in A y .  6 0  is 

the displacement between the anisotropic and topographic gratings; So=O corresponds to the 

valley of the surface grating corresponding to the horizontal direction in the polarization 

pattern. The values of Acp and A y  can thus be determined. 

Fig. 8: Anisotropic and topographic grating in the side-chain liquid crystalline polyester, 

P6a12. 

It is found that in the case of side-chain liquid crystalline polyesters, the valley of the 

topographic grating coincides with the vertical polarization of the recording field, while in the 

case of all amorphous polymers we have investigated, the valley of the topographic grating 

coincides with the horizontal polarization at moderate fluence. However, most intriguing 

surface relief patterns have been found when a film of pDRlA is irradiated with two 

orthogonally circularly polarized beams for different lengths of time. (pDR1A is a disperse- 

red containing polyacrylate system - the material was kindly given by Dr. Paul Rochon). It is 

seen that an initial smooth growth of a surface relief grating develops into a rough growth 

between the peaks for intermediate irradiation times and finally into more ordered, 

herringbone like, spherule structures. Material is not just transported, but rather aggregates 

into regular structures. 

These results show that the formation of the surface relief is related to the photoinduced 

ordering in the polymer film and is dependent on the modulation of the direction of the 

photoinduced axes of symmetry. 
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(4 
Fig. 9: AFM scans of pDRlA after exposure to two orthogonally circularly polarized argon 
laser beams at an intensity of 3 W/cm2for 60 s, 180 s and 300 s respectively. The scanned area 
is 20 pm x 20 pm. Maximum surface relief in (a) is 600 nm, in (b) is 1200 nm and in (c) is 
2000 nm. 

When the polarizations of the recording beams are vertical and horizontal, the symmetry of 

the photoinduced ordering is quite different, the induced axes are at +45" and -45". AFM 

scans of these gratings reveal the appearance of a surface relief with double frequency35). The 

double-frequency surface relief is found to be shifted by d4 with respect to the interference 

pattern. This phase shift is explained as due to the influence of the +1 and -1 order diffracted 

waves during the real time recording. These diffracted waves change the initial polarization 
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modulation in such a way that the induced axes are along the grating vector twice in a grating 

period for phase shifts of n/4 and 5x14. AFM measurements of other azobenzene polymers 

after holographic recording with horizontal/vertical polarized light reveals a variety of relief 

shapes with both normal and doubled frequency depending on the type of the polymer, the 

recording intensity and the exposure time. Thus one has to be very careful in the application 

of the Jones calculus for the analysis of surface relief and anisotropy. A complete analysis of 

the grating structure should be based on linear and circular anisotropy in the films, the 

presence of higher order surface relief and the influence of the first order diffracted waves3’). 

Experimentally it has been found that the appearance of the surface relief is very rapid. 

Surface relief profiles have been fabricated in an aromatic azobenzene polyester with just one 

5 ns pulse from a frequency doubled YAG laser in a polarization holographic set-up. 

Irradiation experiments with a transmission mask 

In order to investigate the reason for the different displacement between the anisotropic and 

topographic grating, we have performed irradiation experiments through a transmission mask. 

The mask consists of a periodic amplitude grating, with a period of 30 pm with the width of 

the transparent region being 5 pm. The liquid crystal polyester film P6a12 was placed on the 

grating, and was irradiated with polarized light. With linearly polarized light with the electric 

field vector perpendicular to the grating vector (i. e., polarized parallel to the grating lines), 

atomic force microscopic investigations revealed the presence of topographic features 

consisting of weak maxima. On irradiation with the orthogonally linearly polarized light (i.e., 

polarized perpendicular to grating lines), strong and broad maxima were obtained. Circularly 

polarized light produced sharp and strong maxima. The experiments were repeated for the 

case of P6a4, which is in the smectic phase at room temperature. The results show again that 

peaks are formed in areas illuminated with light polarized parallel to the grating vector. 

However, similar experiments performed on amorphous side-chain polyesters, methacrylate 

systems and peptide oligomers, showed very deep trenches on extended irradiation with light 

polarized perpendicular to the grating lines. Irradiation performed with circularly polarized 

light produced also trenches, while light polarized parallel to the grating lines once again 

produced weak maxima. Fig. 10 shows AFM scans of the liquid crystalline polyester P6a12 

after irradiation through the mask with polarization parallel to the grating vector. The same 

situation is shown in the case of a peptide oligomer that is amorphous in Fig. 1 1 .  
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We found that in the latter case, the nature of the surface relief depends on the intensity of the 

irradiating light. For small intensities (-100 mW/cm2), broad peaks are obtained and for high 

intensities (1 W/cm2), trenches are created. Intermediate values of the intensities produce 

both troughs and peaks. Subtle structural changes in the polymer architecture, such as 

Fig. 10: Mask irradiation - P6a12 - Linear polarization parallel to grating vector 

Fig. 1 1 : Mask irradiation -DNO-137 - Linear polarization parallel to grating vector 

changing from an aliphatic main chain to an aromatic main chain produce dramatic changes. 

Thus in the case of P6aA which is an amorphous aromatic polyester, for light polarized 

parallel to the grating vector, when the scan is performed at the edge of the gaussian profile, 

peaks are obtained (Fig. 12). Moving towards the centre, we have a splitting of the peaks, and 

finally holes are obtained (Fig. 13, Fig. 14). Since the surface relief depends on the incident 

fluence, this observation implies that the peaks evolve into trenches as a function of time. 

Extending this conclusion to the case of polarization holography, this leads to a time 

dependent displacement (phase shift) between the anisotropic and topographic grating, which 

may explain the decrease in diffraction efficiency observed by Jiang et al.36). It should be 

noted that this phenomenon does not occur in the case of the liquid crystalline polyesters. 
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Fig. 15 shows AFM scans performed on P6a12 and the amorphous polyester P6aA with 

azobenzene side-chains after irradiation with horizontal polarization bolarization parallel to 

the grating vector) showing that both peaks and trenches can be obtained. 

In order to assess the importance of the cis states in the creation of the surface relief, the 

amorphous polyester film was irradiated at 351 nm from a krypton laser at an intensity of 

approximately 3 W/cm2 for 120-300 s. At this wavelength, only trans-cis isomerization take 

place. A lifetime on the order of 2 hours has been found for the cis state in the polyester. For 

both horizontal and vertical polarizations, only weak peaks (-15 nm) in the irradiated area 

were observed. 
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Distance (rm) 

Fig. 12: A profiler scan of the amorphous polymer P6aA irradiated through the transmission 
mask. The scan is performed at the edge of the irradiating gaussian profile. 
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Fig. 13: A profiler scan of the amorphous polymer P6aA irradiated through the transmission 
mask. The scan is performed at halfway to the maximum of the irradiating gaussian profile. 
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Theory 

Initially a theory based on thermal effects was put forward by Barrett et al."). Later on they 

modified their proposal to incorporate fuans-cis free-volume changes which appear as 

pressure effects37338). Lefin et al. proposed an optically controlled anisotropic diffusion 

in which it is surmised that when an azobenzene molecule goes through a trans-cis 

cycle, it moves in a direction parallel to itself. It is noteworthy that this mechanism can only 

explain the dispersion of the material (i.e., trenches) and not accumulation (peaks). Pedersen 

et proposed an empirical model based on mean-field theory. In this case, it was assumed 

that the interaction between the side chains is mesogenic and thus subject to a form of Maier- 

Saupe potential. As the chromophores in a side-to-side arrangement attract each other more 

than in a end-to-end configuration, the accumulation of mass in an area irradiated with light 
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Fig. 14: A profiler scan of the amorphous polymer P6aA irradiated through the transmission 
mask. The scan is performed at the maximum of the irradiating gaussian profile. 
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Fig. 15: Surface relief in an aliphatic liquid crystalline (P6a12) and an amorphous aromatic 
(P6aA) azobenzene polyester. 5 pm transparent regions are centered at 30 and 60 pm 
positions. 
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polarized parallel to the grating vector can be explained. Forces of surface tension counteract 

this process. This theory explains only the presence of peaks and not valleys. A theory based 

on gradient forces attributed to dipoles interacting with the gradient of the electric field 

present in the polymer material has been proposed by Kumar et a1.4'). This is based on the 

claim that orthogonal polarizations do not record appreciable surface relief grating. Our 

observations show that it is indeed possible to produce large surface relief with orthogonal 

polarization. 

No doubt the surface relief is initiated through the trans-cis isomerization cycles, as the only 

photosensitive component in the polymer is the azobenzene. However, an examination of 

Figures 10-15 also shows that more than one mechanism must be involved in the mass 

transport, which depends strongly on the polarization and intensity (fluence) of the laser 

beam. We believe that in addition to the short range Lennard-Jones interactions, long range 

electrostatic interactions must be taken into account. Perhaps the ordering of the dipoles in the 

different systems due to light and the interaction between them may be able to explain the 

observed phenomena. 

Conclusions 

We have performed a series of time resolved spectroscopic measurements on substituted 

azobenzene chromophores, and found strong indications that multiple states are involved in 

the decay process. A scheme describing the observed decay from Sz(n-n*) excited azobenzene 

consistent with previous observations is proposed. We have found that the decay of the 

induced anisotropy does depend on the substituent, and also that the attachment of the 

chromophore to the side chain causes the decay of the anisotropy to slow down. It would be 

interesting to redo these measurements with a somewhat larger pulse energy, in order to 

enable to measure the absolute values of AA/IpUmp as this would enable us to extract much 

more information. In order to verify the proposed decay scheme, the experiments should also 

be performed by just pumping the S1 state. 

The appearance of a surface relief when a thin film of an azobenzene polymer is irradiated 

with polarized light is a remarkable process. This process is definitely amplified by the 

attachment of the azobenzene to main or side chains of a polymer. On the one hand, free- 

volume requirements when the molecule undergoes a trans-cis isomerization may not be 
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unimportant in the formation of topographic features, we believe that more subtle interactions 

between the dipolar azobenzenes have to be taken into account. An understanding of this 

process will lead to easy methods of replication, which are very important in the fields of 

microelectronics and microoptics. Technically, we have been successful in replicating the 

surface relief gratings many times using a silicone elastomer mould. 
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