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Abstract

The synthesis, thermal properties and photochemical and photophysical studies of new azopolymers are described. These polymers

contain three different types of monomer, each of which is mainly responsible for a particular function: A mesogenic benzanilide, a

photochromic azobenzene and a dye unit (a benzoxazole, an anthracene or a stilbene derivative). This approach provides liquid crystalline

terpolymers with different spectral properties and with the potential ability to be photoaligned by irradiation and thermotropic self-

organization. The polymers have been prepared by random radical polymerisation of the corresponding methacrylate-fucntionalised units.

All of the materials show good thermal stability and liquid crystalline behaviour, displaying smectic A or nematic mesophases. Optical

properties of the polymers in solution display additive bands in the absorbance spectrum and luminescent properties in the emission region of

the individual dye monomers. However, films of these polymers are not luminescent. A study of the absorption and redox properties of the

dyes has been performed in order to evaluate the quenching process in the polymers.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The search for improved optical devices based on

optically anisotropic films [1,2] such as polarisers, retarders

or photoluminescent films for liquid crystal displays or

OLEDs requires new materials that give absorption or

emission properties in different spectral regions, are stable

under irradiation and easy to orient and process. In this

context, we are interested in the design of polymers that

combine all of these features by the preparation of liquid

crystalline (LC) polymers containing azobenzene and

different dyes. Polymers with azobenzene groups show the

well-known photochromic effect, i.e. their absorption
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changes in a reversible way upon irradiation with light of

different wavelengths due to the E/Z photoisomerisation of

the azobenzene group. This effect generates optical

anisotropy in films under irradiation with linearly polarised

light, as the azobenzene groups become oriented perpen-

dicular to the electric field of the incident light [3–5]. If the

polymers are side-chain polymeric liquid crystals, the

photoinduced order generated in the glassy state can be

significantly amplified by annealing in the LC phase, which

allows high order parameters to be reached with short

irradiation times [6–10].

There are two main approaches for the molecular design

of photochromic polymers, blending a polymeric matrix

with dye molecules or copolymerisation. The second option

gives polymers with covalently connected dye molecules

and this approach has certain advantages over polymer-dye

host–guest mixtures. For example, covalent linking avoids

the major problem of phase separation and allows high

concentrations of several different monomers without
Polymer 46 (2005) 9230–9242
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distortion of the LC properties of the matrix [11]. Indeed,

this approach has proved successful with ternary chiral

photochromic LC copolymers for optical data recording and

storage [12].

In the case reported here we prepared the terpolymers

TPblue, TPgreen and TPred, which are side-chain polymers

that consist of three different types of monomer, each of

which is mainly responsible for a particular function

(Scheme 1). These compounds all contain a mesogenic

group (70 mol%) based on benzanilide (Mam), which acts as

the LC matrix, and a photochromic azobenzene unit (Mazo)

(15 mol%). The third monomer is a dye-based unit that will

provide different optical properties in the material and this

component was incorporated at a level of 15 mol%. In order

to study absorption and emission properties, three different

luminescent dyes were employed: A benzoxazole (Mblue)

that emits blue light, an anthracene (Mgreen) that produces

green light and a push–pull substituted stilbene emitting red

light (Mred). Dyes were chosen according to their emission

properties, their possible asymmetric functionalisation for

incorporation as side-chain monomers and their mesogenic

or promesogenic rod-like shape.
Scheme 1. Chemical structures of the pol
It was not clear whether the three different monomers

would act in an additive way in the terpolymer as different

interactions may exist in the polymeric system. For this

reason, a complete study of the optical properties of the

terpolymers is presented. The model copolymer (CP1) that

only contains the mesogenic and photochromic azo units

was also prepared and investigated for comparison

purposes. In addition, the photochemical stability and

redox properties of the dyes were also investigated using

non-reactive model compounds (Dblue, Dgreen and Dred).
2. Experimental
2.1. Synthesis of the monomers and model dyes

Monomers Mam, Mazo and Mred were synthesised as

reported in the literature [13–15]. With respect to the model

dyes, Dblue was synthesised in an analogous way to Mblue

and the synthesis of Dgreen has recently been reported [16].

Dred is a commercially available dye.
ymers, monomers and model dyes.



Scheme 2. Synthesis of the monomer Mblue.
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2.1.1. Synthesis of the benzoxazole monomer (Mblue)

(Scheme 2)

2.1.1.1. Synthesis of 4-hydroxy-3-nitrophenyl benzoate (1).

Benzoyl chloride (7 mL) was added dropwise to a solution

of 4-benzyloxyphenol (10.0 g, 0.05 mol) and triethylamine

(6.1 g, 0.06 mol) in dry THF at room temperature. The

resulting mixture was stirred for 30 min and the resulting

precipitate was filtered off. The solution was washed with

saturated Na2CO3 solution (2!100 mL) and water (3!
100 mL), dried over MgSO4, and evaporated to dryness to

yield 4-benzyloxyphenyl benzoate as a white solid (13.4 g,

88% yield). Pd(OH)2 on carbon (3.9 g) was gradually added

under argon to a boiling mixture of 4-benzyloxyphenyl

benzoate (13.0 g, 0.04 mol) in absolute ethanol (170 mL)

and cyclohexene (85 mL). After 2 h the reaction was cooled

down to room temperature, filtered through a pad of Celitew

and evaporated under vacuum to give 4-hydroxyphenyl

benzoate as a white solid (8.5 g, 99% yield). A solution of
4-hydroxyphenyl benzoate (8.5 g, 0.04 mmol) in dichlor-

omethane (CH2Cl2) (94 mL) and diethyl ether (189 mL)

was added to a stirred solution of NaNO3 (3.4 g, 0.04 mol)

in concentrated HCl (35.4 mL) and H2O (47 mL) at room

temperature. Acetic anhydride (0.6 mL) was added and the

reaction mixture was stirred for 4 h. The organic phase was

separated and the aqueous layer extracted with diethyl ether

(2!60 mL). The combined organic layers were dried over

MgSO4 and the solvent removed under reduced pressure.

The resulting solid was recrystallised from ethanol to give 1

as a spongy yellow solid (7.8 g, 76% yield). 1H NMR

[300 MHz, CDCl3, d (ppm)]: 10.50 (s, 1H), 8.17 (dd, JZ
8.4, 1.3 Hz, 2H), 7.99 (d, JZ2.7 Hz, 1H), 7.65 (m, 1H), 7.51

(dd, JZ8.4, 7.5 Hz, 2H), 7.47 (dd, JZ9.0, JZ2.7 Hz, 1H),

7.21 (d, JZ9.0 Hz, 1H). IR (Nujol, cmK1) y:Z3284, 1738,

1536, 1328.

2.1.1.2. Synthesis of 3-(4 0-cyanophenylbenzylideneamino)-

4-hydroxyphenyl benzoate (2). Compound 1 was dissolved

in absolute ethanol and cyclohexene (about 45 mL/g of the

nitroderivative) with stirring. The reaction mixture was

heated under reflux and Pd(OH)2 on carbon (about 30% of

nitroderivative weight) was added under argon. The mixture

was protected from light and the progress of the reaction

followed by thin layer chromatography. After consumption

of the starting material (about 4 h), the reaction was cooled

down to room temperature and filtered through a pad of

Celitew. The solvent was removed under vacuum to give the

ortho-aminophenol as an oil. This oil, without further

purification, was dissolved in absolute ethanol and added

under argon to a solution of 4-cyanobenzaldehyde in

absolute ethanol. The mixture was heated under reflux

with acetic acid (catalytic amount) and stirred for 12 h. The

resulting solution was concentrated and the residue

recrystallised from absolute ethanol to give the correspond-

ing imine 2 (70% yield). 1H NMR [300 MHz, CDCl3, d

(ppm)]: 8.69 (s, 1H), 8.18 (d, JZ7.5 Hz, 2H), 7.99 (d, JZ
8.2 Hz, 2H), 7.76 (d, JZ8.2 Hz, 2H), 7.63 (m, 1H), 7.50 (t,

JZ7.6 Hz, 2H), 7.25–7.23 (m, 2H), 7.10–7.04 (m, 2H). IR

(Nujol, cmK1) y:Z3358, 2222, 1732, 1626.

2.1.1.3. Synthesis of 5-benzoyloxy-2-(4 0-cyanophenyl)ben-

zoxazole (3). 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ) (2.7 g, 12.00 mmol) was added gradually to a

solution of imine 2 (6.00 mmol) in toluene (200 mL)

(previously dried over 4 Å molecular sieves) and the

mixture was heated under reflux for 2 h. The reaction was

cooled to room temperature and saturated aqueous NaHCO3

(200 mL) was added. The mixture was extracted with

CH2Cl2 (4!100 mL) and the combined organic layers

washed with water (4!100 mL) and dried over MgSO4.

The solution was concentrated under vacuum and a large

volume of hexane was added to precipitate the desired

compound, which was filtered off and purified by flash

column chromatography on silica gel using CH2Cl2 as

eluent (77% yield). 1H NMR [300 MHz, CDCl3, d (ppm)]:
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8.34 (d, JZ8.7 Hz, 2H), 8.22 (d, JZ7.1 Hz, 2H), 7.81 (d,

JZ8.7 Hz, 2H), 7.65–7.61 (m, 3H), 7.52 (m, 2H), 7.25 (dd,

JZ8.8, 2.4 Hz, 1H). IR (Nujol, cmK1) y:Z2229, 1731,

1614.

2.1.1.4. Synthesis of 2-(4 0-cyanophenyl)-5-hydroxybenzox-

azole (4). A solution of KOH (200 mg) in water (5 mL) was

added dropwise to a solution of benzoxazole 3 (1.2 g,

3.67 mmol) in THF (100 mL) and 96% ethanol (25 mL) at

room temperature. The mixture was stirred for 2 h and a

large volume of water was added. The resulting mixture was

neutralized with acetic acid and the THF was removed

under reduced pressure in order to precipitate the target

compound (4). The product was filtered off and dried at

45 8C for 48 h under vacuum (801 mg, 93%). 1H NMR

[300 MHz, CDCl3, d (ppm)]: 8.31 (d, JZ8.4 Hz, 2H), 7.79

(d, JZ8.0 Hz, 2H), 7.45 (d, JZ8.8 Hz, 1H), 7.22 (d, JZ
2.6 Hz, 1H), 6.92 (dd, JZ9.3, 2.5 Hz, 1H), 4.92 (s, 1H). IR

(Nujol, cmK1) y:Z3389, 2237, 1615.

2.1.1.5. Synthesis of 2-(4 0-cyanophenyl)-5-(6 0-hydroxy-

hexyl-1 0-oxy)benzoxazole (5). A mixture of compound 4
(0.750 g, 3.2 mmol), 6-chloro-1-hexanol (0.481 g,

3.52 mmol), K2CO3 (0.663 g, 4.8 mmol) and KI (0.106 g,

0.64 mmol) in DMF (100 mL) was heated under reflux for

4 h. The reaction mixture was cooled to room temperature,

water was added and the product extracted with hex-

ane/ethyl acetate (1:2). The combined organic extracts were

washed with water, dried over MgSO4 and evaporated to

dryness. The crude product was recrystallised from

hexane/dichloromethane to yield the required product

(0.935 g, 87% yield). 1H NMR [300 MHz, CDCl3, d

(ppm)]: 8.30 (d, JZ8.2 Hz, 2H), 7.78 (d, 8.1 Hz, 2H),

7.46 (d, JZ9.0 Hz, 1H), 7.23 (d, JZ2.6 Hz, 1H), 6.99 (dd,

JZ9.0, 2.7 Hz, 1H), 4.00 (t, JZ6.2 Hz, 1H), 3.65 (t, JZ
6.4 Hz, 2H), 1.85–1.80 (m, 2H), 1.63–1.47 (m, 6H). IR

(Nujol, cmK1) y:Z3415, 3342, 2222, 1616.

2.1.1.6. Synthesis of 6-[2-(4 0-cyanophenyl)benzoxazol-5-

yloxy]hexyl methacrylate Mblue. Methacryloyl chloride

(0.233 g, 2.23 mmol) was added to a solution of benzoxazole

(5) (0.500 g, 1.49 mmol), triethylamine (0.300 g,

2.96 mmol) and 2,6-di-tert-butyl-4-methylphenol (3 mg) in

THF (50 mL) at 50 8C under argon. After 24 h, 10% aqueous

NH4Cl (50 mL) was added. The mixture was extracted with

CH2Cl2 and the combined organic extracts washed with

water, dried over MgSO4 and evaporated to dryness. The

crude product was recrystallised from ethanol to yield the

final benzoxazole monomer (0.816 g, 87% yield). 1H NMR

[300 MHz, CDCl3, d (ppm)]: 8.31 (d, JZ8.6 Hz, 2H), 7.79

(d, 8.6 Hz, 2H), 7.46 (d, JZ9.0 Hz, 1H), 7.23 (d, JZ2.6 Hz,

1H), 6.98 (dd, JZ8.9, 2.6 Hz, 1H), 6.08 (s, 1H), 5.53 (s, 1H),

4.15 (t, JZ6.6 Hz, 2H); 4.00 (t, JZ6.2 Hz, 2H), 1.92 (m,

3H), 1.85–1.66 (m, 4H), 1.46–1.51 (m, 4H). 13C NMR

[300 MHz, CDCl3, d (ppm)]: 167.5, 161.5, 157.2, 145.5,

142.7, 136.5, 132.6, 131.2, 127.8, 125.2, 118.2, 115.6, 114.5,
111.0, 103.7, 68.6, 64.6, 29.1, 28.5, 25.8, 25.7, 25.6, 18.3. IR

(Nujol, cmK1) y:Z2224, 1720, 1634, 1619. Anal. Calcd for

C24H24N2O5: C, 71.32%; H, 5.94%; N, 6.93%. Found: C,

71.24%; H, 5.71%; N, 6.95%.

2.1.2. Synthesis of the anthracene monomer (Mgreen)

(Scheme 3)

2.1.2.1. Synthesis of 4-ethynyl-4-pentylbiphenyl (6). Dry

diisopropylamine (3 mL) and trimethylsilylacetylene

(3 mL, 21.2 mmol) were added dropwise to a Schlenk

tube charged with 4-pentyl-4 0-bromophenyl (5 g,

16.5 mmol), CuI (63 mg, 0.33 mmol) and dichlorobis(tri-

phenylphosphine)palladium(II) (116 mg, 0.16 mmol) in dry

toluene (50 mL). The mixture was stirred at 70 8C for 2 days

under an Ar atmosphere. The diisopropylamine was

evaporated under vacuum and the toluene suspension

filtered through a pad of silica gel. The solvent was

evaporated in a rotary evaporator, the residue taken into

THF (80 mL) and methanol (5 mL) and a 20% aqueous

KOH (5 mL) was added. The reaction mixture was stirred

overnight at room temperature. The mixture was filtered and

the resulting solution evaporated to dryness. The residue

was dissolved in hexanes (50 mL), washed with water, dried

over MgSO4 and evaporated to dryness. The crude product

was purified by flash column chromatography on silica gel

using hexanes as eluent to yield compound 6 as a white solid

(63% yield). 1H NMR [300 MHz, CDCl3, d (ppm)]: 7.54 (s,

4H), 7.49 (d, JZ8.0 Hz, 2H), 7.25 (d, JZ8.3 Hz, 2H), 3.11

(s, 1H), 2.63 (t, JZ6.5 Hz, 2H), 1.66–1.61 (m, 2H), 1.36–

1.31 (m, 4H), 0.89 (t, JZ6.8 Hz, 3H). IR (Nujol, cmK1)

y:Z3275, 2108, 1491, 835, 813.

2.1.2.2. Synthesis of 9-bromo-10-(4 0-pentylbiphenyl-4-

ylethynyl)anthracene (7). A solution of compound 6

(4.50 g, 18.14 mmol) in toluene (30 mL) was added

dropwise to a Schlenk tube charged with 9,10-dibromoan-

thracene (5.54 g, 16.5 mmol), CuI (63 mg, 0.33 mmol),

dichlorobis(triphenylphosphine)palladium(II) (116 mg,

0.16 mmol), dry toluene (300 mL) and dry diisopropylamine

(3.5 mL) at 70 8C. The addition was carried out using an

addition funnel over 12 h. The reaction mixture was stirred at

this temperature for 1 day under an Ar atmosphere. The

solvent was evaporated to dryness and the crude product

purified twice by flash column chromatography on silica gel

using firstly hexane and secondly hexane/dichloromethane

(10:1) as eluent to yield the desired compound as a yellow

solid (33% yield). 1H NMR [300 MHz, CDCl3, d (ppm)]:

8.70–8.74 (m, 2H), 8.59–8.56 (m, 2H), 7.82 (d, JZ8.0 Hz,

2H), 7.70–7.57 (m, 8H), 7.30 (d, JZ8.0 Hz, 2H), 2.67 (t, JZ
7.5 Hz, 2H), 1.67–1.65 (m, 2H), 1.39–1.25 (m, 4H), 0.89 (t,

JZ6.6 Hz, 3H). IR (Nujol, cmK1) y:Z1492, 753.

2.1.2.3. Synthesis of 6-(4 0-iodophenyloxy)hexan-1-ol (8). A

mixture of 4-iodophenol (6.5 g, 29.5 mmol), 6-chloro-

hexanol (4.43 g, 32.4 mmol), K2CO3 (6.1 g, 44.25 mmol)



Scheme 3. Synthesis of monomer Mgreen.
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and KI (0.98 g, 5.9 mmol) in dry DMF was heated at 120 8C

for 5 h. The reaction mixture was cooled to room temperature

and water (200 mL) and hexane/ethyl acetate (100 mL) were

added. The organic layer was separated, washed with water

(100 mL), dried over MgSO4 and evaporated to dryness. The

product was purified by recrystallisation from hexane (86%

yield). 1H NMR [300 MHz, CDCl3, d (ppm)]: 7.52 (d, JZ
8.8 Hz, 2H), 6.65 (d, JZ8.8 Hz, 2H), 3.96 (t, JZ6.5 Hz, 2H),

3.66 (t, JZ6.5 Hz, 2H), 1.80–1.75 (m, 2H), 1.65–1.50 (m,

2H), 1.50–1.38 (m, 4H). IR (Nujol, cmK1) y:Z3295, 1588,

1569, 1249.

2.1.2.4. Synthesis of 6-(4 0-ethynylphenyloxy)hexan-1-ol (9).

This compound was prepared following the same procedure

as for compound 6 (46% yield). 1H NMR [300 MHz,

CDCl3, d (ppm)]: 7.42 (d, JZ8.8 Hz, 2H), 6.82 (d, JZ
8.8 Hz, 2H), 3.95 (t, JZ6.5 Hz, 2H), 3.66 (t, JZ6.5 Hz,

2H), 2.99 (s, 1H), 1.84–1.75 (m, 2H), 1.64–1.54 (m, 2H),

1.54–1.40 (m, 4H). IR (Nujol, cmK1) y:Z3304–3214, 2099,

1602, 1567, 1503, 1248.
2.1.2.5. Synthesis of 6-{4-[10-(4 0-pentylbiphenyl-4-ylethy-

nyl)anthracen-9-ylethynyl]phenoxy}hexan-1-ol (10). A sol-

ution of compound 9 (381 mg, 1.7 mmol) in dry toluene

(30 mL) was added dropwise to a Schlenk tube charged

with compound 7 (800 mg, 1.6 mmol), CuI (6 mg,

0.032 mmol), dichlorobis(triphenylphosphine)palladiu-

m(II) (11 mg, 0.016 mmol), dry toluene (30 mL) and

dry diisopropylamine (0.3 mL) at 70 8C. The reaction

mixture was heated at 70 8C for 3 day, filtered through

a pad of Celitew and evaporated to dryness. The residue

was purified by flash column chromatography on silica

gel using eluents of increasing polarity:hexane/dichlor-

omethane (3:1), CH2Cl2 and CH2Cl2/ethyl acetate (10:1).

The pure product was obtained as a dark yellow solid

(67% yield). 1H NMR [300 MHz, CDCl3, d (ppm)]:

8.72–8.64 (m, 4H), 7.81 (d, JZ8.5 Hz, 2H), 7.70–7.54

(m, 10H), 7.28 (d, JZ8.5 Hz, 2H), 6.95 (d, JZ8.5 Hz,

2H), 4.02 (t, JZ6.6 Hz, 2H), 3.67 (t, JZ6.6 Hz, 2H),

2.65 (t, JZ7.5 Hz, 2H), 1.83–1.81 (m, 2H), 1.66–1.60

(m, 4H), 1.50–1.45 (m, 2H), 1.37–1.23 (m, 6H), 0.92
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(t, JZ6.0 Hz, 3H). IR (KBr, cmK1) y:Z3480–3323,

2193, 1508, 1242, 764.

2.1.2.6. Synthesis of 6-{4-[10-(4 0-pentylbiphenyl-4-ylethy-

nyl)anthracen-9-ylethynyl]phenoxy}hexyl methacrylate

(Mgreen). A mixture of compound 10 (900 mg, 1.4 mmol),

methacryloyl chloride (0.27 mL, 2.8 mmol), triethylamine

(0.59 mL, 4.2 mmol) and a catalytic amount of a thermal

inhibitor (2,6-di-tert-butyl-4-methylphenol) in dry CH2Cl2
(50 mL) was stirred and heated under reflux for 5 h under an

Ar atmosphere. The solvent was evaporated and the crude

product purified by flash column chromatography using

CH2Cl2 as the eluent. The product was further purified by

recrystallisation from hexane to yield a golden yellow solid

(58% yield). UV–vis (THF): 275, 326, 453, 476 nm.

Emission (THF): 492, 525 nm (exc 451 or 474 nm). 1H

NMR [300 MHz, CDCl3, d (ppm)]: 8.71–8.68 (m, 4H), 7.82

(d, JZ8.4 Hz, 2H), 7.71–7.56 (m, 10H), 7.28 (d, JZ8.4 Hz,

2H), 6.95 (d, JZ8.4 Hz, 2H), 6.10 (m, 1H), 5.54 (m, 1H),

4.16 (t, JZ6.6 Hz, 2H), 4.02 (t, JZ6.6 Hz, 2H), 2.65 (t, JZ
7.5 Hz, 2H), 1.94 (s, 3H), 1.83–1.81 (m, 2H), 1.75–1.65 (m,

4H), 1.54–1.37 (m, 4H), 1.37–1.34 (m, 4H), 0.90 (t, JZ
6.6 Hz, 3H). 1H NMR [300 MHz, CDCl3, d (ppm)]: 160.6,

159.5, 156.0, 142.7, 141.3, 137.5, 137.4, 136.4, 133.2,

133.1, 132.1, 132.0, 131.8, 128.9, 127.2, 126.7, 125.1,

121.9, 118.9, 115.3, 114.7, 102.3, 87.1, 67.9, 38.1, 38.0,

35.5, 31.4, 29.0, 25.7, 25.6, 22.5, 18.2, 13.9. IR (KBr, cmK1)

y:Z3054, 2194, 1717, 1636, 1601, 1509, 1248. Anal. Calcd

for C51H48O3 (%): C, 86.40; H, 6.82. Found: C, 86.54%; H,

6.73%.

2.2. Synthesis and characterisation of the polymers

2.2.1. Polymerisation procedure

The monomeric mixture was dissolved in freshly

distilled N,N-dimethylformamide (DMF) (approximately

10% w/v) under an argon atmosphere in a Schlenk tube. The

sample was degassed by several vacuum/argon cycles, the

solution was heated to 70 8C and azobis(isobutyronitrile)

(AIBN) (1% weight ratio) was added. The solution was

stirred at this temperature for at least 48 h and the progress

of the polymerisation was monitored by thin layer

chromatography (TLC). In the case of the terpolymers, a

significant proportion of the monomers was still unreacted

and so additional AIBN (1% weight ratio) was added every

24 h. The polymer was precipitated by pouring the reaction

mixture into cold 96% ethanol and the product was filtered

off. Purification was carried out by dissolving the polymer in

dichloromethane and precipitating it in ethanol or hexane

until complete removal of any residual unreacted mono-

mers. The final product was dried under vacuum at 40 8C for

24 h.

2.2.2. Physical characterisation of CP1

Orangey solid (48% yield). 1H NMR [300 MHz, CDCl3,

d (ppm)]: 8.45, 7.82, 7.68, 7.45, 6.90, 6.73, 3.83, 1.80–1.20,
0.89. IR (Nujol, cmK1) y:Z2226, 1725, 1645, 1603, 1510,

1247. Anal. Found (Calcd): %C, 71.30 (71.28); %H, 7.51

(7.49); %N, 4.68 (4.70). GPC (THF) Mw, 27,000; Mn, 18,

000; Mw/Mn: 1.5.

2.2.3. Physical characterisation of TPblue

White solid (45% yield). 1H NMR [300 MHz, CDCl3, d

(ppm)]: 8.27, 8.00–7.60, 7.48, 6.82, 3.93, 1.90–0.90. IR

(Nujol, cmK1) y:Z2226, 1725, 1645, 1606, 1511, 1248

Anal. Found (Calcd): %C, 70.20 (71.34); %H, 7.08 (7.36);

%N, 5.01 (4.65). GPC (THF) Mw, 6000; Mn, 3300; Mw/Mn:

1.8.

2.2.4. Physical characterisation of TPgreen

Yellow solid (37% yield). 1H NMR [300 MHz, CDCl3, d

(ppm)]: 8.65, 7.90–7.30, 7.30–7.10, 7.00–6.65, 3.91, 2.65,

1.91–1.23, 0.95. IR (Nujol, cmK1) y:Z3311, 2225, 1726,

1643, 1605, 1504, 1246. Anal. Found (Calcd): %C, 73.29

(74.66); %H, 7.08 (7.42); %N, 3.77 (3.44). GPC (THF) Mw,

7300; Mn, 5500; Mw/Mn: 1.3.

2.2.5. Physical characterisation of TPred

Red solid (70% yield). 1H NMR [300 MHz, CDCl3, d

(ppm)]: 8.12, 7.90–7.75, 7.50, 6.84, 3.93, 3.31, 2.95, 1.95–

0.95. IR (Nujol, cmK1) y:Z2224, 1723, 1643, 1604, 1580,

1508, 1242. Anal. Found (Calcd): %C, 70.18 (71.31); %H,

7.02 (7.52); %N, 4.92 (4.62). GPC (THF) Mw, 4800; Mn,

3200; Mw/Mn: 1.5.

2.3. Techniques for the characterisation of the polymers

Elemental analysis was performed with a Perkin–Elmer

240C microanalyzer. IR spectra were measured on a ATI-

Mattson Genesis Series FTIR from Nujol mulls between

NaCl disks. 1H NMR spectra were recorded on a Varian

Unity 300 spectrometer operating at 300 MHz. Gel

permeation chromatography (GPC) was carried out on a

Waters liquid chromatography system equipped with 600E

multisolvent delivery system and a 996 photodiode array

detector, using a combination of two Ultrastyragelw

columns with pore sizes of 500 and 104 Å, THF as the

mobile phase at 0.8 mL/min flow rate and calibration using

polystyrene standards.

Mesogenic behaviour and transition temperatures were

determined using an Olympus BH-2 polarising microscope

equipped with a Linkam THMS hot-stage central processor

and a CS196 cooling system. Differential scanning

calorimetry (DSC) was performed using a DSC 2910 from

TA Instruments with samples sealed in aluminum pans and

a scanning rate of 10 8C/min under a nitrogen atmosphere.

Temperatures were read at the maximum of the peak after

prior heating of the sample to the isotropic liquid and

cooling to 0 8C. Thermogravimetric analysis (TGA) was

performed using a TA Instruments STD 2960 simultaneous

TGA-DTA at a rate of 10 8C/min under a nitrogen

atmosphere. TGA data are given as the onset of the
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decomposition curve. In addition, the first derivative of the

decomposition curve (DTGA) was read.

Optical absorption spectra in THF solution were

recorded with an UV–vis spectrometer UV4-200 from

ATI-Unicam. Luminescence measurements in THF solution

were performed using a Perkin–Elmer LS50B

spectrofluorimeter.
2.4. Photophysical and photochemical investigations

UV–vis absorption spectra were obtained using a Perkin–

Elmer Lambda 2 spectrophotometer. Photoluminescence of

the films was measured using a set-up with a linear

arrangement of the following components: 100 W mercury

lamp, cut-off filters, and Tidas diode fluorimeter (J&M). An

integration time of 150 ms was used for the detection.

Films were spin-coated on silica glass substrates at

2000 rpm and an acceleration 700 rpm/s for 30 s using a

Karl Suess CT 60 spin-coater.

The photochemical stability of the dyes was investigated

using films of the non-reactive dyes (Dblue, Dgreen and Dred)

in PMMA (0.1 mol of the dye per kilogram of PMMA). The

films were spin coated from a solution containing 10 mmol

of the corresponding dye and 1 mL of 10K4 M PMMA in

THF. The photostability of the dyes was evaluated from the

changes in their absorbance under irradiation. The benzox-

azole (Dblue) was irradiated with non-polarised light from a

100 W mercury lamp using an interference filter at 365 nm

(34 mW/cm2) while the stilbene (Dred) and the anthracene

(Dgreen) derivatives were irradiated at 436 nm (22 mW/cm2).

The change of absorbance at the maximum was evaluated

in terms of its dependence on the exposure time. The

photostability is defined by the absorbed energy that causes

a degradation corresponding to a 10% decrease in the dye

absorbance. The absorbed energy Eabs was calculated from

the power density of the incident light P, the irradiation time

t and the mean absorbance Amean between the start and the

end of each irradiation interval (Eq. (1)) [17].

Eabs Z tPð1K10KAmean Þ (1)

It was assumed that the photoproducts do not absorb at

the testing wavelength due to conversion to less-conjugated

systems.

Emission properties of the terpolymers (TPblue, TPgreen

and TPred) were determined both in solution and in thin

films. Films were spin-coated from a 0.15 M solution in

CHCl3 where the concentration was calculated on the basis

of the polymer repeating unit. Excitation wavelengths were

335, 436 and 450 nm, depending on the dye absorption.

Emission properties were also measured and compared to

those determined for blends of the copolymer CP1 and the

dyes (Dblue, Dgreen or Dred). Films were prepared by spin-

coating using a solution containing 16 wt% of the dye and

84 wt% of the copolymer CP1. In all cases quenching of the

emission was observed. The quenching efficiency was
determined dividing the emission intensity of a terpolymer

by the emission intensity of the related dye-containing

PMMA film, using comparable absorption values at the

excitation wavelength.

Quenching of the fluorescence for the benzoxazole dye

was investigated in terms of its dependence on the

azobenzene concentration. Mixtures of Dblue and CP1

were prepared in THF with the concentration of Dblue

varied from 0.25 to 5!10K4 M and the concentration of

CP1 from 4.75!10K4 to 0 M, resulting in a final

concentration of 5!10K4 M.

In all the quenching experiments, the thickness of the

cuvette was varied in such a way that the absorbance of the

dyes were always the same.

2.5. Cyclic voltammetry

Cyclic voltammetry experiments in solution were

performed using an EcoChemie Instrument. A three-

electrode cell was used. The working electrode was a

graphite electrode, a platinum wire was used as counter

electrode and a Hg/HgCl2 electrode was used as a reference.

The redox properties were investigated in THF or

dichloromethane solutions containing tetrabutylammonium

hexafluorophosphate (0.1 M) as supporting electrolyte. The

solutions were purged with argon. Cyclic voltammograms

were obtained at room temperature with scan rates of

0.05 V/s.
3. Results and discussion

3.1. Synthesis, characterisation and optical properties of the

monomers

The polymers were prepared by radical polymerisation in

solution of the different terminal methacrylate monomers,

the chemical structures of which are shown in Scheme 1.

The benzanilide (Mam) and the azobenzene (Mazo)

methacrylates were prepared as previously reported [13,

14]. The stilbene monomer (Mred) was obtained using

the method described by Robello [15]. In all cases, the

characterisation data are consistent with those in the

literature.

The benzoxazole monomer (Mblue) was prepared as

shown in Scheme 2. The ortho-nitrophenol (1) was reduced

to the corresponding ortho-aminophenol using palladium

(II) hydroxide and cyclohexene and this was condensed with

4-cyanobenzaldehyde to yield the imine (2). Oxidative

cyclization of the imine with DDQ yielded 2-(4 0-cyanophe-

nyl)-5-hydroxybenzoxazole (4). Finally, the spacer and the

methacrylate moiety were introduced by successive alky-

lation and esterification steps.

The non-symmetrically substituted anthracene comono-

mer (Mgreen) was obtained by the synthetic pathway

represented in Scheme 3, which consists of two sequential



Fig. 1. Absorbance spectra: (a) Absorbance spectra of monomers Mam

(dash-crossed line), Mazo (solid-crossed line), Mblue (open circles), Mgreen

(solid circles) and Mred (open triangles) in 10K5 M THF solution. Bands

corresponding to p–p* and n–p* transitions are indicated on the spectra of

Mazo. (b) Absorbance spectra of terpolymers TPblue (solid line), TPgreen

(dashed line) and TPred (dotted line) in THF solution.
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Sonogashira cross-coupling reactions using 9,10-dibromo-

anthracene. The first coupling reaction was the key step and

this was carried out in a dilute reaction medium to minimise

the formation of the undesired disubstituted product.

Nevertheless, subsequent separation of the product by

column chromatography was required.

For both comonomers, Mblue and Mgreen, the methacry-

loyl unit was incorporated in the last step of the reaction

sequences in order to avoid undesired reaction of this

reactive unit in the intermediate steps.

The thermal properties of the monomers were investi-

gated by optical microscopy and DSC and the results are

gathered in Table 1. Only the anthracene monomer Mgreen

showed liquid crystalline behaviour and this gave a stable

nematic phase between 120 and 220 8C.

The optical properties of the monomers were determined

from THF solutions. The spectra are compared in Fig. 1(a).

It can be seen that all the compounds show strong absorption

bands in the UV region due to their conjugated aromatic

cores. Mam shows a band centered at 280 nm and this does

not have significant fluorescent emission [18]. Mazo displays

an absorption band at 364 nm related to the p–p* transition

and a weak absorption band about 450 nm corresponding to

the n–p* transition.

Mblue has two absorption bands at 296 and 336 nm and,

on excitation of the second one, exhibits blue emission.

The absorption spectrum of Mgreen exhibits two intense

peaks at around 455 and 474 nm. In the emission spectrum

two peaks can be observed, a sharp one in the blue–green

region (495 nm) and a weaker one in the green region

(525 nm), and these make the compound show an intense

green fluorescence. Mred displays an absorption band at

444 nm and, upon excitation at this wavelength, Mred

shows an orange–red emission at 605 nm. It should be

noted that, in contrast to Mblue and Mgreen, Mred shows a

weak fluorescence caused by the presence of the nitro

group [19].
Table 1

Thermal and optical properties of monomers

Monomer Thermal tran-

sitionsa

Optical propertiesb

labs (nm) 3 (cmK1

MK1)

lem (nm)

Mam Cr 134 I 280 19,646

Mazo Cr 71 I 364 22,320

Mblue Cr 86 I 296, 336 13,769, 16,461 443

Mgreen Cr 120 N 220 I 455, 474 43,652, 41,687 493, 524

Mred Cr 90 I 444 11,545 605

a Temperatures are given in 8C, Cr, crystal phase; I, isotropic liquid; N,

nematic phase.
b Optical properties determined in THF solution. UV–vis absorption was

measured in approximately 10K5 M. Emission was determined from

approximately 10K7 M solutions.
3.2. Synthesis, characterisation and optical properties of the

polymers in solution

The general compositions and chemical structures of

the synthesised polymers are collected in Scheme 1. The

polymers were prepared by free-radical polymerisation in

solution using DMF as the solvent and AIBN as the initiator.

The physical characterisation was undertaken by IR, 1H

NMR, UV–vis spectroscopy and GPC, and the data are

consistent with the expected structures. The reaction

conditions were chosen taking into account results

published for related copolymers [14]. These results claim

that the retarding polymerisation effect of the azobenzene

group is restricted in DMF, yielding polymeric systems with

a composition that is in good agreement with the monomeric

feed ratio.

The consumption of the monomeric feed mixture was

controlled by monitoring the progress of the reaction by

TLC. The final reaction conditions and purification

procedures are collected in Table 2. For the preparation of

CP1, 1% (weight ratio) AIBN was used and the polymer was

isolated after a reaction time of 36 h. The composition of the

copolymer CP1 was determined by 1H NMR spectroscopy

and was consistent with the feed composition.



Table 2

Composition of the synthesised polymers, polymerisation conditions and yields for the synthesised copolymers

Polymer Composition (molar ratio) Reaction time Yield (%) Purification

CP1 Mam/Mazo 75:25a 36 h 48 CH2Cl2 /EtOH

TPblue Mam/Mazo/Mblue 70:15:15 4 daysb 45 CH2Cl2 /EtOH

TPgreen Mam/Mazo/Mgreen
c

70:15:15

6 daysd 37 CH2Cl2/hexane

TPred Mam/Mazo/Mred
c 70:15:15 5 daysd 70 CH2Cl2 /EtOH

a Actual monomeric composition determined by 1H NMR was 73:27.
b 3% of AIBN was used.
c The percentage of the luminescent comonomer (green or red) calculated by UV–vis was approximately 14%.
d 5% of AIBN was used.
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In the case of the terpolymers, additional amounts of

AIBN and prolonged reaction times were required in order

to ensure complete reaction of the monomers. An additional

1% of AIBN was added every 24 h up to a final total amount

of 3–5%. Due to the diversity of monomers, the final

compositions of the terpolymers may differ slightly from

that of the monomeric feed mixture. Determination of the

actual composition by 1H NMR spectroscopy was not

possible because of signal overlap, which prevented

accurate integration of the signals.

The UV/vis spectra were also complex due to overlap of

the absorption bands (Fig. 1(b)). However, the absorption

band at longer wavelengths in the case of TPgreen and TPred

(474 and 445 nm, respectively) is only due to the absorption

of the respective dye units. A correlation was established

between the absorbance of the Mgreen and Mred monomers in

solution and that of the terpolymers and this enabled the

content of the dye units in the terpolymers to be estimated as

ca. 14%, which is close to the theoretical value (15%). This

implies that the polymeric composition must be similar to

the monomeric feed composition.

The presence of the dye monomer in the polymeric

systems was also qualitatively verified by studying

luminescent properties. Emission spectra of the terpolymers

were recorded in approximately 10K6 M THF by excitation

at the maximum of the lowest energy absorption band. The

results are collected in Table 3. The emission wavelengths

are in accordance with that of the corresponding dye

monomers in solution.
Table 3

Optical properties in solution, thermal stability and thermal transitions of the pol

Polymer Optical propertiesa Thermal propertiesb

lmax (nm) lem (nm) TGA (8C) DTGA (8C

CP1 280, 365 355 405

TPblue 283, 350sh 438 313 355, 397

TPgreen 273, 453, 475 493, 524 343 401

TPred 286, 375, 445 603 338 394

a Spectra were recorded in approximately 10K6 M solutions in THF. Values gi
b TGA in 8C, onset of the weight loss in thermogravimetric analysis; DTGA

temperature; Tm in 8C, melting temperature; DH in kJ/mol of theoretical repeatin
c Slow cold crystallization process above the Tg.
3.3. Thermal properties of the polymers

The thermal behaviour of the synthesised polymers was

investigated by optical microscopy, DSC and TGA, and the

results are collected in Table 3. The decomposition

temperatures determined by thermogravimetric analysis

were above 300 8C, demonstrating that the polymers have

a good thermal stability.

In order to determine the transition temperatures and

associated enthalpies by DSC, the copolymers were first

heated to the isotropic state and then cooled to below 0 8C at

a controlled rate. Data are given for the second heating scan.

It was established by optical microscopy that all of the

polymers have stable enantiotropic liquid crystalline phases.

After CP1 had been heated above the clearing

temperature and subsequently cooled, the copolymer was

obtained as an amorphous glass with a Tg value of 59 8C.

The polymer displays a SmA mesophase. This observation

is consistent with the smectogenic tendency of related

azobenzene/benzanilide-based liquid crystal polymers [14].

The thermal behaviour of TPblue and TPred is similar to

that of CP1. These compounds also show a SmA phase,

which was identified from the typical fan texture viewed

under crossed polarisers by optical microscopy. The

incorporation of a third comonomer gives rise to a decrease

in the Tg and clearing points (Ti) and broader transition

peaks in the DSC curves. In addition, the DSC curves of

TPblue and TPred show a higher tendency to crystallisation

than the parent system CP1. Indeed, on heating the sample a
ymers

) Tg (8C) Tm (8C) (DH

(kJ/mol))

Ti (8C) (DH

(kJ/mol))

Mesophase

59 179 (3.7) Smectic A

39c 108 (1.5) 135 (2.4) Smectic A

58 97 (0.2) Nematic

38c 102 (1.1) 136 (1.3) Smectic A

ven in nm.

in 8C, derivative thermogravimetric analysis; Tg in 8C, glass transition

g unit: melting enthalpy; Ti in 8C, isotropization temperature.



Fig. 2. Photostability of Dgreen upon irradiation at 436 nm in a non-

protected PMMA film and a film covered with a PVA-top-layer detected at

the maximum of the absorbance by UV/vis spectroscopy.

Fig. 3. Fluorescence spectra for Dblue (exc 335 nm), Dgreen (exc 450 nm)

and Dred (exc 450 nm) in PMMA (solid lines) and the related terpolymers in

THF (dashed lines). Curves have been normalized on the absorption value

at lmax of 0.9. The intensity of the emission of the terpolymers is multiplied

by a factor of 5.
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slow crystallisation process was detected above the Tg. The

crystalline fraction slowly melted just above 100 8C.

In this context, TPgreen shows characteristic behaviour

that is certainly due to the molecular structure of the

anthracene monomer, which is less rod-like in structure than

the other monomers. In this case, the mesophase was

identified as nematic and this was only stable over a narrow

temperature range.

3.4. Photochemical stability of the dyes

A high photochemical stability for a dye is a prerequisite

for technical applications. Therefore, the photostability of

dyes Dblue, Dgreen and Dred in a PMMA matrix was tested as

a model for the terpolymers containing the related

chromophores.

In general, push–pull substituted benzoxazoles show a

quite high light-stability [20]. In contrast to the benzox-

azoles, stilbene derivatives are highly photosensitive and

can undergo E/Z photoisomerisation, [2C2] photocycload-

dition and photocyclisation of the Z isomer to give a

dihydrophenanthrene, which is followed by the irreversible

oxidation to the corresponding phenanthrene. However, the

formation of phenanthrene can be restricted by a strong

push–pull substitution and the use of stiff matrixes [21].

Anthracene derivatives are known to undergo photooxida-

tion and [4C4] photocycloaddition in the 9 and 10

positions. In addition, the photodegradation of Dgreen

could be more complicated due to the presence of two

triple bonds, which can undergo additional photoreactions.

A photodegradation level of 10% in the case of Dblue

requires the absorption of an energy dose of about 47 J/cm2

(see Section 2.4). The required dose for the degradation of

Dred is 6.4 J/cm2, which indicates a lower stability compared

to Dblue. Nevertheless, the stability is about one order of

magnitude higher compared to the unsubstituted or donor–

donor substituted stilbenes. Dgreen shows the lowest stability

because an absorption dose of only 0.55 J/cm2 is required

for the same level of degradation. It is expected that the

degradation of Dgreen will mainly be caused by the

photooxidation of the anthracene in the 9 and 10 positions.

In order to reduce the influence of oxygen, the poly(methyl

methacrylate) (PMMA) film containing Dgreen was covered

with a thin film of poly(vinylalcohol) (PVA). The PVA top

layer protects the dye from oxygen and this significantly

enhances the photostability by a factor of 22 (Fig. 2). In this

case 10% degradation required the absorption of 12.3 J/cm2.

3.5. Photophysical studies

The three dyes show strong emissions in both THF and

PMMA films upon excitation at 335 nm in the case of Dblue

and at 450 nm for Dgreen and DredDred (Fig. 3). However,

comparing the emission intensity with that of the

terpolymers either in THF or as spin-coated films shows

that a strong quenching effect occurs.
The quenching efficiency was determined by comparing

the emission intensity of the dye-containing PMMA films

with that of the related terpolymers using comparable

absorption values at the excitation wavelength. It is

estimated that approximately 95–99% of the emission is

quenched in solution. The fluorescence of the spin-coated

terpolymer films is quenched by almost 100%.

Comparable quenching behaviour is observed in films of

the copolymer CP1 doped with the related dyes in a weight

ratio of approximately 5:1. The emission of the fluorophores

Dgreen and Dred was hardly detected and showed a

bathochromic shift compared to dye-containing PMMA

films.

There are several different photophysical processes that

could be responsible for fluorescence quenching [19].

Recent papers report that fluorescence quenching of

naphthalene and dansyl luminophores observed in the

presence of covalently attached trans-azobenzene might

occur through energy transfer as well as electron transfer

[22]. Energy transfer quenching by the Förster-type

mechanism does not require any interaction between the

donor and the acceptor and can occur at distances up to 80–

100 Å. However, such a process depends on the overlap
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integral between the fluorescence of the donor and the

absorption of the acceptor. This mechanism could explain

the fluorescence quenching of the benzoxazole-containing

polymer. For this reason, the emission of the benzoxazole

was measured in terms of its dependence on the azobenzene

concentration using THF solutions of Dblue in the presence

of varying amounts of the copolymer CP1.

The results are represented as a Stern–Volmer plot in

Fig. 4. The ratio of the fluorescence intensities I0/I is greater

than 1; I0 is the intensity of the fluorescence without

azobenzene and I in the presence of azobenzene. The linear

slope of the Stern–Volmer plot shows the proportional

decrease in the fluorescence of Dblue upon increasing the

azobenzene concentration. Extrapolation of I0/I to 2 in

Fig. 4 and the use of Eq. (2) [23] allowed the average

distance to be calculated between the energy donor and

acceptor, R0, for which 50% of the emission is quenched.

The calculated value is R0Z82G5 Å.

R0 Z
7:35ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

azobenzene½ �I=I0Z2
3
p (2)

As stated above, the absorbance of the E isomeric form of

the azobenzene is characterised by the p–p* transition at

around 360 nm and the weak symmetry forbidden n–p*

transition at 450 nm. Very recently, we have shown that the

same azobenzene moiety of Mazo also undergoes photo-

isomerisation and photoorientation upon irradiation at 633

and 488 nm [24–26]. This is remarkable because the

absorption coefficient is very small at these wavelengths.

In contrast to the E isomer, the n–p* transition of the Z

isomer is not symmetry forbidden and, for this reason, it has

a slightly larger absorption coefficient around 450 nm. If the

azobenzene moiety, either the E or the Z form, is excited

directly via its absorbance or indirectly by energy transfer, a

wavelength-dependent steady state between the two isomers

should be established.

Comparison of the absorption and emission spectra of the

Mblue monomer with the absorption spectra of the Mazo

monomer shows that at 336 nm, which is the excitation

wavelength of Mblue, the two monomers have comparable

absorption coefficients (3MblueZ16,461 L/(mol cm) and
Fig. 4. Stern–Volmer plot of the fluorescence quenching of Dblue in THF at

different azobenzene concentrations.
3MazoZ15,800 cm/M). This means that, at this wavelength

and in a 1:1 molar ratio mixture of the two chromophores,

about 45–50% of the light is absorbed by the azobenzene

moiety, which would then undergo E/Z photoisomerisation.

In addition to this, the Mblue emission overlaps the p–p*

and n–p* absorption bands of the azobenzene. The

quenching of the fluorescence of Mblue therefore seems to

be caused by an energy transfer process that sensitises the

Z/E photoisomerisation process of the Z-azobenzene, as

proposed for similar bichromophoric compounds.

From an energetic point of view, quenching by the

Förster transfer mechanism is only probable for the blue dye

and cannot explain the quenching of the green and red

emitting dyes [27] due to the small absorption of the

azobenzene at the emission wavelengths of these dyes.

Comparison of the fluorescence quenching of the dye

moiety in TPgreen and the related monomers in THF

indicates that the quenching efficiency in the terpolymer is

higher than that of the dissolved monomers in the same

proportion (Fig. 5).

The reason for the higher quenching efficiency could be

associated with the higher local concentration of azoben-

zene around the anthracene dye within the polymeric

backbone compared to the molecular monomers in solution.

The shorter distances between chromophores could give rise

to specific intermolecular interactions that require molecu-

lar contact. In this case, quenching of the emission by an

oxidative or reductive electron transfer process is possible

[28,29]. This mechanism does not depend on the overlap of

dye fluorescence with the azobenzene absorption but on the

oxidation–reduction properties of chromophores.

Quenching by electron transfer can be either oxidative or

reductive depending on the reductive or oxidising nature of

the excited state fluorophore. For an oxidative electron

transfer the feasibility of the process is given by Eq. (3) [19].

DGz E0 AC

A

� �
KE0 B

BK

� �� �
KE00A� (3)

where DG is the free energy of the quenching process in V,

E0 are the standard potentials of the ground state couples

involved in the process, with A being the fluorophore and B
Fig. 5. Fluorescence of (1) Mgreen, (2) a combination of Mam, Mazo and

Mgreen in 0.70:0.15:0.15 molar ratio, and (3) TPgreen in THF at different

absorbance values.



Fig. 6. (a) Cyclic voltammogram of Mazo, oxidation in CH2Cl2 and

reduction in THF. (b) Cyclic voltammogram of Mgreen in THF solution. The

voltammograms were recorded at a scan rate of 0.05 V/s.
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the Mazo quencher molecule, and E00A* the spectroscopic

energy of the excited state calculated from the onset of the

emission peak in eV [30].

In order to examine the probability of such electron

transfer processes, cyclic voltammetry measurements were

carried out to determine the reduction and oxidation

potentials of Mazo and the dye comonomers (Table 4).

The azobenzene is relatively difficult to oxidise and

reduce (Fig. 6(a)). The voltammogram of Mazo shows an

irreversible oxidation peak at C1.86 V. The reduction wave

shows two peaks. The first one corresponds to a reversible

reduction process with a half-wave reduction potential of

K1.13 V. The voltammogram shows a second irreversible

reduction process with a measured reduction peak potential

at K1.60 V.

In relation to the fluorophores, Mblue did not show any

oxidation process at positive potentials from 0 to C2 V. The

monomer shows a reduction wave with good reversibility at

a half wave potential of K1.57 V. The voltammogram of

Mgreen at a positive potential shows one first irreversible

oxidation wave at a peak potential of C1.20 V and a quasi-

reversible oxidation wave at a peak potential of C1.50 V. In

terms of negative potential values, a quasi-reversible

reduction wave was observed at a half-wave potential of

K1.32 V (Fig. 6(b)). Finally, Mred shows an irreversible

oxidation process at a peak potential of C0.83 V. At

negative voltages, a reversible reduction is observed at a

half-wave potential of K1.20 V.

Therefore, on the basis of the excited state energy and

electrochemical data listed in Table 4, electron transfer does

not appear to be a possible mechanism of fluorescence

quenching for TPblue, as both the reductive and oxidative

processes are endergonic. However, we postulate that

quenching may occur by electron transfer for TPgreen and

TPred as oxidative electron quenching of the excited state of

the fluorophore was found to be exergonic for Mgreen (DG is

ca. K0.29 eV) and Mred (DG ca. K0.33).
Table 4

Oxidation and reduction potentials and energy of the excitated states of the

azo and fluorescent monomers

Monomer E0 (V)a Ered (V)b E00 (eV)

Mazo C1.86 K1.13, K1.60c

Mblue
d K1.57 3.27

Mgreen C1.20, C1.50 K1.32 2.62

Mred C0.83 K1.20 2.30

Eox is given from the oxidation cyclic voltammogram and Ered from the

reduction cyclic voltammogram. For reversible process values are given as

E1/2 (half-wave potential) calculated as the midpoint between the cathodic

and anodic peaks. For irreversible processes values are given as Ep (peak

potential) as the maximum of the corresponding peak; Zero–zero

spectroscopic energy of the excited state E00.
a Oxidation potentials are given as Ep because the oxidation processes of

all monomers were irreversible.
b Reduction potentials were given as E1/2 unless otherwise stated.
c Ep value is given because this second reduction process was

irreversible.
d No oxidation process was observed up to 2 V.
4. Conclusions

Multifunctionalised polymers were synthesised in which

three different side groups introduce liquid crystalline,

photochromic and specific absorption and emission proper-

ties. The mutual interactions of the side groups were

investigated with respect to these properties and functions.

The photochromic properties of the azobenzene are

unchanged but the incorporation of the different dyes results

in a change in the absorption. However, the fluorescence of

the dyes is strongly quenched in the presence of the

azobenzene moiety. For this reason all applications based on

absorption are favoured but all applications based on

emission become impossible. Therefore, the creation of

dichroic absorptive films by light-orienting procedures is a

potential application for these polymers. High light stability

is a prerequisite for the orientation of the terpolymers by

photoorientation to generate anisotropic films. In this way,

the photochromism of the azobenzenes can be used, but the

strong filter effect of the dyes requires excitation of the

azobenzene moieties at wavelengths at which the dyes have

a spectral gap. The light stability of the dyes under

investigation is higher than for other dyes of the same

family and, furthermore, the photostability of the anthracene

derivative is significantly increased by covering the sample

with a PVA top-layer in order to exclude the influence of

oxygen. As part of our research program, a careful study of

the processing conditions for films of these terpolymers—
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including irradiation wavelengths, irradiation time, anneal-

ing temperatures and the generation of anisotropy—have

been the object of a recent publication [31].
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