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The packing of azobenzene dye moieties and mesogens in
polysiloxane copolymers and its impact on the opto-dielectric e� ect
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(Received 14 July 1996; accepted 22 August 1996)

Broadband dielectric spectroscopy (10Õ 2 ± 105 Hz) is used to study the opto-dielectric e� ect in
statistical polysiloxane copolymers with side groups containing chiral mesogenic units and
others containing azobenzene moieties. Below 64ß C, the unexposed copolymer is ferroelectric.
UV-exposure induces a photoisomerization of the azobenzene to the cis-con® guration, and
the phase transition, ferroelectric/non-ferroelectric (S*

C/SA), is shifted to lower temperatures.
In the temperature interval between the phase transition temperatures ferroelectric/non-
ferroelectric of the exposed and unexposed samples, an opto-dielectric e� ect is observed. The
e� ciency of this opto-dielectric switching depends on the packing of the chromophore within
the smectic layers.

1. Introduction ferroelectric liquid crystalline phases di� er by orders of
magnitude from non-ferroelectric liquid crystallinePhotochromic switching of molecules containing azo-

benzene (azo) moieties has been investigated and consid- phases, the suppression of the ferroelectric phase by
switching the azo-dopant to the cis-con® gurationered important for applications in the ® eld of optical

data storage and optical switching for more than a changes the dielectric loss by a factor of 100.
Di� erent approaches have been used in order to dopedecade. Particular interest has been paid to the behavi-

our of systems containing azo moieties in a liquid the liquid crystal with the azo-compound. Low molar
mass mixtures of liquid crystals with azobenzene are thecrystalline (LC) matrix [1± 23]. Eich et al. [1± 5] have

shown that switching from the trans- to the cis-con® g- simplest, but sometimes tend to form microphase separ-
ated regions [23]. To prevent these e� ects, statisticaluration of the azo dye by UV-exposure considerably

alters the phase behaviour of the liquid crystalline side group copolymers with the mesogenic groups and
azo moieties in the side groups have been used.matrix. The contrast, non-exposed/exposed, caused in

the LC matrix was used to imprint and store direct or In this paper we describe the use of broadband
dielectric spectroscopy to show the importance of anholographic pictures in these systems [1± 4, 6± 7]. IR

[8± 10] and UV/VIS [11± 15] spectroscopy were used e� ective packing structure of the azo moieties and the
mesogenic units in the side groups of a statistical sideto study the reorientation dynamics of the azo dye

during exposure of the sample to polarized light. group copolymer, which is essential for the size of the
opto-dielectric switching. The experimental results, theRecently azo dyes have been used as command surfaces

[16± 20], where the di� erent surface alignment inter- shift in phase transition temperature, and the intensity
dependency of the opto-dielectric switching kineticsactions with the liquid crystal lead to homeotropic and

planar anchoring for the trans- and cis-states, respect- are consistent with a simple free energy model of
T. Fischer [24].ively. Servaty et al. [21± 23] have shown that e� ects

similar to those described above occur in azo dye doped
chiral liquid crystals with ferroelectric phases. In their 2. Chemistry
measurements, the shift in phase transition temperature 2.1. Synthesis of the azo dye containing copolymer
of the SA/S*

C transition gave rise to a strong The photoisomerizable dye 5 was chosen to carry a
opto-dielectric e� ect. Since the dielectric properties of longer spacer than the mesogenic moiety used. The

synthesis of the mesogen 7 in scheme 2 is described
elsewhere [25]. The copolymer 8 investigated in this*Author for correspondence.
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66 B. Fischer et al.

paper consists of a photoisomerizable azochromophore CH_3 ± (CH2)5 ± CH*(CH3 ) ± O± ); 1 1́5± 2 0́ (several m; 13 H,
CH3 ± (CH_2)5 ± CH*(CH_3 ) ± O± ); 3 3́5 (s; 2 H, NH_2 ± ) ; 4 0́8and a chiral mesogenic group that builds the ferroelectric

matrix. It is synthesised via hydrosilylation [26] accord- (m; 1 H, CH3 ± (CH2 )5 ± CH_*(CH3 ) ± O± ); 6 6́8 (m; 4 H,
arom. H).ing to scheme 2. The ratio of chiral unit to chromophore

is 1951 in the monomer feed. The chromophore/mesogen
ratio in the copolymer shows that there is no di� erence 2.1.2. 4-Hydroxy-4¾ (2-(S)-octyloxy)azobenzene 2 [28]

1 6́ g (7 2́3 mmol) of 4-amino-(2-(S)-octyloxy)benzenein reactivity of the two monomers (within the error of
the UV-evaluation). are added to 40 ml of 5m HCl. The temperature is held

below Õ 5ß C during the addition of 3 ml of a 2 5́MThe phases and transition temperatures of the polymer
8, as determined by DSC and polarizing microscopy, NaNO2 solution. After the addition, more NaNO2 solu-

tion is added until an iodine± starch test is positive. Ureawere found to be: S*
C 64 ß CSA84 ß CI. No de® nite glass

transition could be evaluated in DSC measurements. is used to destroy super¯ uous nitrite. The solution is
again stirred for 45 min, after which 0 7́ g (7 4́4 mmol ) ofThe system does not crystallize and shows an S*

C- phase
above room temperature. phenol dissolved in 4 ml of 2M NaOH solution are

added at 5ß C. During the addition the reaction mixtureThe azochromophore 5 was synthesised in ® ve steps
according to scheme 1. is kept alkaline with Na2CO3 . Acetic acid is used to

neutralize the reaction mixture after several hours of
stirring at 5ß C. The crude product is extracted into ether,2.1.1. 4-Amino-(2-(S)-octyloxy)benzene 1 [27]

The reaction is carried out under nitrogen. 3 8́19 g the solvent removed and the azo dye puri® ed further by
¯ ash chromatography (solvent petroleum ether/ethyl(21 9́3 mmol) of DEAD is added under constant stirring

to a mixture of 2 3́96 g (30 8́ mmol ) of p-aminophenol, acetate 351). Yield: 1 7́8 g (75 2́%). 1H NMR (90 MHz,
CDCl3 ): d=0 8́8 (t; 3H, CH_3 ± (CH2 )5 ± CH*(CH3) ± O± );2 8́59 g (21 9́5 mmol) of S (+ )-2-octanol and 5 7́57 g

(21 9́5 mmol) of triphenylphosphine in 70 ml of abs. 1 1́5± 2 0́ (several m; 13H, CH3 ± (CH_2)5 ± CH*(CH_3) ± O± );
4 4́3 (m; 1H, CH3 ± (CH2 )5 ± CH_*(CH3 ) ± O± ); 6 7́8± 7 9́ether. The reaction mixture is kept below Õ 5ß C during

the addition and maintained at 0ß C for 3 h after the (several m; 8H, arom. H).
addition is completed. The precipitated triphenylphos-
phine oxide is ® ltered o� and the remaining solvent 2.1.3. Ethyl 4-(undec-10-enyloxy)benzoate 3 [29]

10 0́ g (60 2́ mmol ) of ethyl 4-hydroxybenzoate, 15 4́ gremoved from the reaction mixture. The crude product
is puri® ed by ¯ ash chromatography on silica gel (solvent (66 mmol ) of 11-bromo-undec-1-ene, 20 g (66 mmol ) of

K2CO3 , a catalytic amount of KI and 300 ml ofpetroleum ether/ethyl acetate 351) and immediately
used for further synthesis. Yield: 2 0́ g (41 2́%). 4-methylpentan-2-one are heated under re¯ ux for 24 h.

The precipitate is ® ltered o� , the solvent removed by1H NMR(90 MHz, CDCl3): d=0 8́8 (t; 3H,
distillation and the pure product obtained by ¯ ash
chromatography (solvent petroleum ether/ethyl acetate
651). Yield: 18 2́ g (95%). 1H NMR (90 MHz, CDCl3 ):
d=2 1́± 1 2́ (several m, 19 H, ± (CH_2)8 ± CH2 ± O± and
± COO± CH2 ± CH_3 ); 4 0́ (t, 2 H, CH2± CH± (CH2 )8± CH_2±
O± ); 4 4́ (q, 2 H, ± COO± CH_2 ± CH3 ); 5 0́ (m, 2H,
CH_2 ± CH± ); 5 8́ (m, 1 H, CH2 ± CH_ ± ) ; 6 9́ (d, 2 H, arom.
H); 8 0́ (d, 2 H, arom. H).

2.1.4. 4-(Undec-10-enyloxy)benzoic acid 4 [30]
9 1́1 g (28 6́ mmol ) of ethyl 4-(undec-10-enyloxy)ben-

zoate in 50 ml of ethanol and 4 0́ g (72 mmol) of KOH
in 100 ml of ethanol are mixed and heated under re¯ ux.
After 90 min, the reaction is complete; 20 ml of water are
added and the solution is brought to pH 4 with hydro-
chloric acid. The precipitate is ® ltered o� and dried;
recrystallization from ethanol gives the pure product.
Yield: 7 8́ g (87%). 1H NMR (200 MHz, CDCl3 ):
d=2 1́± 1 2́ (several m, 16 H, ± (CH_2 )8 ± CH2 ± O± ); 4 0́
(t, 2 H, CH2 ± CH± (CH2)8 ± CH_2 ± O± ); 4 4́ (q, 2 H,
± COO± CH_2 ± CH3 ); 5 0́ (m, 2 H, CH_2 ± CH± ); 5 8́ (m, 1 H,

Scheme 1. Synthesis of the azobenzene chromophore. CH2 ± CH_ ± ) ; 6 9́ (d, 2 H, arom. H); 8 0́ (d, 2 H, arom. H).
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67T he opto-dielectric e� ect in copolymers

2.1.5. 4-(2-(S)-Octyloxy)phenylazophenyl layer of aluminium oxide (90 active, neutral (grade I)
by E Merck), followed by micropore ® ltration and4-(undec-10-enyloxy)benzoate 5 [31]

0 9́7 g (3 0́8 mmol ) of 2 and 1 0́8 g (3 7́ mmol ) of repeated precipitation into methanol. The copolymer
8 obtained contains 5 0́ mol % of chromophore4-(undec-10-enyloxy)benzoic acid are mixed in dry THF.

At 0ß C, 0 6́32 g (3 7́ mmol ) of dicyclohexylcarbodiimide (UV-spectroscopy) and 95 0́ mol % of mesogen.
(DCC) in 10 ml of CH2Cl2 containing a catalytic amount
of dimethylaminopyridine (DMAP) is added dropwise. 2.2. Photochemistry

The stable con® guration of azobenzene is the trans-Overnight stirring completes the reaction. Following
normal work-up, puri® cation of the product is achieved con® guration and this is shown in ® gure 1 together with

the metastable cis-con® guration. These isomeric statesby ¯ ash chromatography (solvent toluene). Yield: 1 5́ g
(83%). 1H NMR (90 MHz, CDCl3 ): d=0 9́ (t, 3 H, are separated by an energy barrier which leads to a

lifetime of the cis-state ranging from minutes to hours.CH_3 ± (CH2 )5 ± CH*(CH3 ) ± O± ); 2 1́ ± 1 2́ (several m, 29 H,
CH3 ± (CH_2 )5 ± CH*(CH_3 ) ± O± and CH2 ± CH± (CH_2)8± In the excited state of an azobenzene moiety, reached

by the p*� n transition, the equilibrium con® gurationCH2 ± O± ); 4 0́ (t, 2 H, CH2± CH± (CH2 )8± CH_2± O± ); 4 4́
(m, 1 H, CH3± (CH2 )5± CH_*(CH3 )± O± ); 5 0́± 4 8́ (m, 2 H, lies between the trans- and cis-con® guration, above the

barrier of the ground state. Absorption, therefore, intoCH_2 ± CH± (CH2)9 ± ) ; 5 9́± 5 7́ (m, 1 H, CH2 ± CH_ ± (CH2 )9 ± ) ;
6 9́8 (d, 4 H, arom. H (benzoic acid); 7 3́3 (m, 2 H, arom. the p*� n transition, i.e. 365 nm from the trans-state and

436 nm from the cis-state, induces an isomerization fromH (azobenzene)); 7 9́3 (t, 4 H, arom. H (azobenzene));
8 1́4 (d, 2 H, arom. H (benzoic acid)). one state to the other with quantum e� ciencies of the

order of 30% [32]. The photochemical kinetics depend
on the exact structure of the chromophore. The chromo-2.1.6. Polymer synthesis

The copolymer 6 (see scheme 2) is obtained in a phore 5 of scheme 1, dissolved in chloroform has a
thermal back relaxation rate (from the cis- to the trans-hydrosilylation reaction following the procedure given

in [26]. A mixture of the monomeric alkenes in the state) of 40 hours at room temperature, while for the
dissolved chromophore used by Servaty et al. [23], theratio 1951 of mesogen (7 ) to azochromophore (5 ) is

used. In order to remove traces of platinum catalyst, the thermal back relaxation rate was only 14 hours at room
temperature. The di� erent photochemical behaviour ofcrude product is puri® ed by ® ltration through a thin
both chromophores incorporated in statistical copoly-
mers will be discussed later in this paper.

3. Experimental

A 4 mm thick surface stabilized liquid crystalline cell
with transparent indium tin oxide electrodes (EHC,

Figure 1. The two isomeric con® gurations of azobenzene;
(a) the stable trans-state and (b) the metastable cis-state.
One may switch from trans to cis with UV (l=365 nm)
and from cis to trans with visible light (l=436 nm) or by

Scheme 2. Synthesis of the statistical copolymer. thermal back relaxation.
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68 B. Fischer et al.

Japan) is ® lled with the copolymer. The cell surfaces are relaxation process is observed in the SA phase. It is
associated with tilt angle ¯ uctuations of the mesogeniccoated with rubbed polyimide giving a planar bookshelf

geometry of mesogens in the S*
C phase. The cell is groups around the equilibrium orientation normal to

the smectic layers. The increase of the dielectric lossmounted in a microscope hot stage (Linkham THMS
600), which provides a temperature stability of Ô 0 0́5 K. towards lower frequencies is a conductivity contribution

due to ionic impurities and thus will not be furtherProper alignment of the sample is achieved by heating
and cooling, ( Ô 5 K) across the phase transition S*

C/SA discussed in this paper. In the S*
C phase, the mesogenic

side groups are tilted with respect to the layer normaland by applying an electric ® eld of 105 V cmÕ 1 , with a
frequency of 1 Hz. Once ® lling of the cell is completed and form a helical superstructure. Two relaxation pro-

cesses are observed in the S*
C phase. One is the soft-this procedure takes about three days. Between measure-

ments the same method is applied several times for half mode Ð a ¯ uctuation of the tilt angle around its equilib-
rium value. It is covered, however, by a much strongeran hour. The alignment is generally reduced by frequency

scans or light exposure measurements, and the reprodu- process, the Goldstone-mode, which originates from
¯ uctuations of the tilt azimuth, i.e. the phase of thecibility of the alignment reduces the accuracy of the

dielectric spectra obtained. Consequently, the error in helical superstructure.² Due to a higher viscosity, the
conductivity contribution is weaker than in the SA phase.the dielectric loss is in the order of 10± 20 per cent. The

dielectric function is measured using a lock-in ampli® er Five per cent of the side groups of the statistical
copolymer contain azo moieties, which are mesogenic in(SR 830 Scienti® c Instruments), in the frequency range

10 Õ 2 ± 105 Hz. the trans-state. In the cis-state, however, their shape is
no longer rod like and they act as strong steric per-A Xenon high pressure lamp (XBO 101, 100 W, Zeiss

Jena) is used for UV and visible exposure of the sample. turbators of the liquid crystalline surroundings (see
® gure 1). Hence UV exposure of the sample, whichAn IR blocking ® lter (KG 1, Schott), together with a

line ® lter (365 nm, width 12 nm and 436 nm, width 12 nm increases the concentration of the azo moieties in the
cis-con® guration, is used to perturb the liquid crystallinefor UV and visible exposure, respectively), provides the

desired wavelength. The maximum intensities reached phases and to shift the phase transitions towards lower
temperatures. This e� ect is shown in ® gure 3, where theare 0 8́ mW cmÕ 2 at 365 nm and 0 6́ mW cmÕ 2 at 436 nm.
dielectric loss is plotted as a function of frequency at
T =60ß C for the unexposed, the UV-exposed (l=365 nm,4. Results

The chiral mesogenic moieties in the side groups of I=0 8́ W cmÕ 2 ) and the VIS-exposed (l=436 nm, I=
the copolymer give rise to ferroelectric behaviour. The
phase sequence, measured by polarizing microscopy, is:

² Using an additional DC ® eld (BIAS) during the measure-
S*

C 64 ß C SA 80 ß C I. Figure 2 shows the dielectric loss as ment unwinds the helical superstructure and suppresses the
a function of frequency for the unexposed sample in the Goldstone-mode, so that the soft-mode can be seen in the S*

C

phase as well.SA phase (T =75ß C), and the S*
C phase (T =60ß C). One

Figure 2. The dielectric loss as a
function of frequency of the
unexposed sample in the SA

(T =75ß C) and the S*
C phase

(T =60ß C).
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69T he opto-dielectric e� ect in copolymers

Figure 3. The dielectric loss as a
function of frequency at T =
60ß C for the unexposed, the
UV-exposed (l=365 nm, I=
0 8́ W cm Õ 2) and the VIS-
exposed (l=436 nm, I=
0 6́ W cm Õ 2) states.

Figure 4. The dielectric loss as a
function of time during expo-
sure to UV (l=365nm, I=
0 8́ W cm Õ 2) and visible light
(l=436 nm, I=0 6́ W cm Õ 2) for
a frequency of f=0 2́Hz, dem-
onstrating the switching kinet-
ics. After 120 minutes the light
is switched o� and thermal
back relaxation to the trans-
state occurs.

0 6́ W cmÕ 2 ) states. The curve of the unexposed state is frequency of the maximum of the Goldstone-mode in
the dark state ( f=0 2́ Hz). UV-exposure (l=365 nm, I=the same as in ® gure 2 with a strong Goldstone-mode,

typical of the S*
C phase. In the UV-exposed state this 0 8́ W cmÕ 2 ) causes a strong decrease in the dielectric

strength until the Goldstone-mode is completely sup-relaxation process completely vanishes and the conduc-
tivity contribution together with the soft-mode remains. pressed. Exposure in the visible (l=436 nm, I=

0 6́ W cmÕ 2 ) reverses this process.³ The optical switchingThis proves that the UV-exposed sample is now in the
SA phase. The dielectric loss of the UV-exposed sample is carried out several times in order to show the reprodu-

cibility of the e� ect. After 120 minutes the light isat T =60ß C resembles the dielectric loss of the unexposed
sample in the SA phase at higher temperatures (see
® gure 2, T =75ß C). Exposure in the visible (l=436 nm, ³ The saturation values in ® gure 4 are somewhat higher than

the values in ® gure 3 at the corresponding frequency. This isI=0 6́ W cmÕ 2 ) switches the situation back to the dielec-
because applying a voltage with the frequency of thetric loss observed for the dark (unexposed) state.
Goldstone-mode as in ® gure 4 leads to a better alignment of

The switching kinetics that occur during exposure the liquid crystal in the surface stabilized cell. In ® gure 3 the
with UV and visible light are shown in ® gure 4, where frequency is varied and the alignment of the sample is not as

good as that for ® gure 4.the dielectric loss is depicted as a function of time at the
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70 B. Fischer et al.

switched o� and the sample returns to the dark state at higher frequencies show at certain temperatures just
the opposite e� ect compared to the maximum of thevia thermal back relaxation. It is observed that the

thermal back relaxation rate is slower than the optical Goldstone-mode ( ® gure 6).
Since the soft-mode is associated with ¯ uctuations ofswitching process at the intensities used here; however,

it is still of the same order of magnitude. The e� ects the tilt angle, i.e. the order parameter of the S*
C phase,

it shows a critical slowing down at the phase transition,discussed above show a strong temperature dependence
( ® gures 5 and 6). At temperatures approaching the SA/S*

C . This e� ect can be used to measure the shift in
phase transition temperature. Figure 7 gives the fre-transition temperature, S*

C/SA , of the UV-exposed
system, the soft-mode of the exposed state becomes quency at the maximum of the soft-mode in the SA

phase as a function of temperature for the unexposedstronger. Accordingly, the imaginary part of the per-
meability at the maximum of the soft-mode can be and the UV-exposed states. The lines shown with the

data are ® ts according to the function fsoft-mode= f0higher than at the shoulder of the Goldstone-mode in
the unexposed state at the same frequency ( ® gure 5). (T Õ TAC)/TAC. The temperatures at which the frequency

of these lines vanish are taken as the phase transitionFollowing on from this, the switching signal and kinetics

Figure 5. The dielectric loss as a
function of frequency at T =
58ß C for the unexposed and the
UV-exposed (l=365 nm, I=
0 8́ W cm Õ 2) states.

Figure 6. Switching kinetics at
T =58ß C for two di� erent fre-
quencies. Dielectric loss versus
time during exposure to UV
(l=365 nm, I=0 8́W cm Õ 2 )
and visible (l=436nm, I=
0 6́ W cm Õ 2) light.
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71T he opto-dielectric e� ect in copolymers

Figure 7. The frequency of the
maximum of the soft-mode
plotted as a function of temper-
ature, showing the critical slow-
ing down of the soft-mode in
the dark and UV-exposed (l=
365 nm, I=0 8́W cm Õ 2 ) states.

temperatures for the unexposed and UV-exposed states.§ paper are shown together in ® gure 9 and will be called
It can be seen that there is an enormous shift in transition copolymer B and copolymer A, respectively. The only
temperature of approximately 15 K. It is in the temper- di� erence is the missing benzoate group in the azo side
ature region between the UV-exposed and the unexposed group of copolymer B, ( ® gure 9 (b)), which leads to a
transition temperatures that the opto-dielectric e� ect separation of the azo group and the main backbone
occurs. The e� ciency of the opto-dielectric e� ect, chain similar in size to that of the mesogenic groups
(e VIS Õ e UV ), as a function of temperature, is illustrated and the main chain. In copolymer A, though, the azo
in ® gure 8 for two di� erent frequencies, 0 2́ Hz (maximum group is located further from the main backbone chain
of the Goldstone-mode) and 100 Hz, and for illumination than are the mesogenic groups. Hence in copolymer B,
intensities of 0 8́ mW cmÕ 2 (UV) and 0 6́ mW cmÕ 2

the azo groups are located within the smectic layers,
(VIS). It shows clearly that the switching is only possible whereas in copolymer A they are located in the periphery
in the temperature region between the transition temper- of the smectic layers. This slight di� erence in structure
atures S*

C/SA for the dark and the exposed states and for causes a substantial di� erence in switching behaviour.
frequencies corresponding to the Goldstone-mode. For While Servaty et al. used a UV intensity of 15 mW cmÕ 2

frequencies associated with the soft-mode, the opto- and reached a switching time of about 100 minutes, we
dielectric e� ect is weak and changes sign in the middle are unable to see an e� ect for copolymer A at the same
of the temperature interval between the transition intensity. We require at least 0 1́ mW cmÕ 2 to see any
temperatures S*

C/SA of the dark and the exposed states. e� ect at all. With 0 8́ mW cmÕ 2 (the maximum of our
Xenon lamp together with the 12 nm halfwidth ® lter) we

5. Discussion reach a switching time of about 20 minutes. The back
The results from the previous section should be com- relaxation is about 50 minutes for copolymer B and 90

pared with measurements of Servaty et al. [21± 23], who minutes for copolymer A.
have already shown that exposure to UV leads to a We can understand these results by considering the
suppression of the Goldstone-mode in the S*

C phase and structural di� erence which is shown schematically in
that switching o� the light leads to its recovery (due to ® gure 10. In the case of copolymer B, the switching of
thermal back relaxation of the azobenzene to the trans-

only a few azo groups from the trans- to the cis-state
state). The copolymer they used and the one used in this

caused a strong perturbation of the highly ordered
mesogenic in the S*

C phase. Thus a very low intensity of§The phase transition temperatures obtained with this
UV was su� cient to bring the system back to the SAmethod di� er from those determined with polarization micro-

scopy by approximately 4 K, however, the phase transitions phase. The interaction between the mesogenic groups
are usually smeared out in copolymers. The uncertainty of the and the azo side groups also altered the kinetic behaviour
phase transition can also be seen in ® gure 5, where the of the azo moieties. Because the mesogenic units have aGoldstone-mode is not totally suppressed and some curvature

higher free energy in the perturbed state, they feel ain the dielectric loss remains at low frequencies, even ® gure 7
tells us that in the exposed state we are in the SA phase. force which tries to drive the system back into the highly
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72 B. Fischer et al.

Figure 8. The e� ciency of the
opto-dielectric e� ect (e VIS Õ
e UV ) as a function of tem-
perature for a frequency of
0 2́ Hz, showing that the
switching is possible only in the
temperature region between the
transition temperatures of the
dark and the UV-exposed
states.

Figure 9. The statistical polysiloxane side group copolymers with azo dye moieties; (a) used in this paper and (b) used by Servaty
et al. [23].

ordered state and the azo groups back into trans-state. copolymer A than in copolymer B. T. Fischer [24] has
proposed a free energy for azo doped liquid crystalsConsequently the thermal back relaxation of the azo

groups was faster in copolymer B than in copolymer A; including a term for interaction between the azo dye
and the liquid crystalline component. He gives an expres-also the measurements in copolymer B were carried out

for higher viscosities, i.e. at lower temperatures due to sion for the shift of phase transition temperature, which
depends on both the interaction strength between thethe lower phase transition temperature.

In copolymer A, the azo group in the cis-state only azo dye and the mesogens and the intensity of the UV.
At low intensities, i.e. intensities which lead to opticalslightly disturbs the order of the mesogenic groups, due

to their far out position. Many more azo groups in the switching times comparable with the thermal back
relaxation rate, the shift in phase transition temperaturecis-state are therefore necessary (i.e. a much higher

intensity of the UV) to drive the system into the SA should be proportional to the intensity. For higher
intensities, the shift saturates at an asymptotic value.phase. The azo groups in the cis-state on the other side

experience a smaller back driving force from the meso- Comparing the theory of Fischer with our experiments,
we ® nd that all experiments are carried out in the lineargenic units. The thermal back relaxation and the recov-

ery of the Goldstone-mode are therefore slower in regime. Therefore an exposure with an intensity 50 times
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73T he opto-dielectric e� ect in copolymers

may be recovered by a second photoisomerization in
the visible or a thermal back relaxation process. In the
temperature interval between the phase transition tem-
peratures, ferroelectric/non-ferroelectric, of the exposed
and unexposed samples, the opto-dielectric e� ect is
observed. The width of this temperature interval and the
optical switching times depend on the intensity of the
UV. For the polysiloxane copolymer investigated in this
paper, a UV intensity of 0 8́ mW cmÕ 2 causes a shift in
phase transition temperature of 15 K and switching times
of the order of several minutes. The e� ciency of the
opto-dielectric switching process depends on the intens-
ity and the packing structure of the azobenzene moieties
within the smectic liquid crystalline layers. A comparison
with the experiments of Servaty et al. [22± 23] suggests
that the mesogenic units and the azobenzene moieties
should be equidistant from the polymer backbone in
order to achieve the strongest e� ect. According to the
theory of Fischer [24] we were using intensities where
the opto-dielectric e� ect is proportional to the intensity.
Using more intense light sources, it should be possible
to induce faster switching times with an even wider

Figure 10. Schematic picture of the opto-dielectric e� ect
temperature interval of the opto-dielectric e� ects.caused by the steric interactions of the azo dye (black)

with the mesogenic units (grey) in the sidegroups of (a) the
copolymer B and (b) the copolymer A. In copolymer B We are grateful to Dr. J. Stumpe for many fruitfulthe e� ect is stronger since the azo dye is located in the

discussions. B. Fischer takes this opportunity to thankcentre of the smectic layers.
the Deutsche Forschungsgemeinschaft for providing a
fellowship. This work is supported by the Deutsche

smaller than 0 6́ mW cmÕ 2 should lead to a shift in phase Forschungsgemeinschaft under the project number Kr
transition temperature which is smaller by the same 1138/5-1 and by the Sonderforschungsbereich 294
factor. The temperature region in which opto-dielectric MolekuÈ le in Wechselwirkung mit Grenz¯ aÈ chen.
switching is possible also shrinks by the same factor.
Using the intensity of Servaty et al., the temperature
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