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Photochromism in mixtures of liquid crystalline chiral copolymers

with a photosensitive chiral dopant

A. YU. BOBROVSKY, N. I. BOIKO and V. P. SHIBAEV*

Faculty of Chemistry, Moscow State University, Leninskie gory, Moscow 119899,
Russia

(Received 20 May 1998; accepted 2 July 1998)

Mixtures of a photosensitive chiral dopant based on (Õ )-menthone with left-handed and right-
handed cholesteric copolymers were prepared. The phase behaviour and optical properties of
the mixtures prepared were studied. The action of UV radiation on planar oriented ® lms of
such systems was shown to induce dramatic changes in the maximum re¯ ection wavelength
as a result of E ± Z isomerization of the dopant molecules. The kinetics of photoisomerization
of such mixtures in solution and in the bulk were investigated at di� erent temperatures. The
above mixtures can be considered as promising and uprecedented materials for coloured data
recording and storage.

1 . Introduction

In recent years, photochromic polymer materials
have attracted great interest. This interest is primarily
associated with promising practical applications of such
polymers for reversible optical data recording [1 ± 3],
for the preparation of command surfaces [4 ± 8] and as
non-linear optical media [9, 10]. In such cases, polymers
containing fragments of azo dyes, which produce smectic
or nematic mesophases, or amorphous polymers are of
principal interest.

However, there have been a relatively limited number
of publications devoted to the synthesis and study of
photochromic polymers which are able to produce
cholesteric mesophases [11 ± 14]. Almost all publications
of this kind report the results for comb-shaped copoly-
mers, in which photosensitive fragments are provided
by nematogenic fragments.

The twisting power A of the Z isomer of the chiralIn our recent publications [15, 16], we have studied
unit is much lower than the corresponding values of Athe phase behaviour and photo-optical properties of
for the E-isomer [15 ± 17]. Therefore, as a result ofcholesteric copolymers containing methoxyphenyl benzoate
isomerization in these copolymers, the selective lightand chiral benzylidene-p-menthane-3-one mesogenic
re¯ ection wavelength is changed, and lmax shifts to agroups, which are able to undergo E ± Z isomerization
long wavelength region. The above results allow us toinduced by UV radiation.
conclude that such copolymers are promising candidates
for coloured photorecording and storage of information.
However, the above copolymers su� er from a serious
disadvantage, namely a marked radiation-induced*Author for correspondence.
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680 A. Yu. Bobrovsky et al.

broadening of the selective re¯ ection wavelength band nematic copolymer, which contains (+)-menthyl units
and produces a right-handed supramolecular helical[15, 16]. This phenomenon is likely to be associated
structure:with the higher viscosity of polymers as compared with

that of low molecular mass analogues and, consequently,
with lower di� usion constants of the photochromic
fragments, which a� ect the establishment of a photo-

II
stationary state in the system and prevent the retention
of a perfect planar texture throughout the whole volume
of polymer.

A priori , one may assume that introduction of low
X =15; Y =85 mol %molecular mass additive to a polymer, on the one hand

will accelerate the attainment of equilibrium and, on the Therefore, the introduction of low molecular mass
other hand will assist the s̀elf-healing’ of the radiation- additives to photosensitive mixtures with cholesteric
induced defects in the planar texture. In [18] we studied copolymers achieves three principal objectives:
photorecording in the system based on a nematic homo-

(1 ) Increase in the di� usion rate of the chiral photo-polymer and a photosensitive chiral additive (dopant)
chromic component and, as a consequence,containing the benzylidene-p-menthane-3-one fragment.
increase in the untwisting rate for this helix andHowever, a principal disadvantage of such mixtures is
attainment of photostationary equilibrium.associated with their low stability: within one year, the

(2 ) Provision of a homogeneous distribution of theabove composition undergoes separation induced by
chiral component in the mixture, allowing one tocrystallization of the chiral dopant. However, as shown
prevent broadening of the selective light re¯ ectionin [19], when a cholesteric copolymer with its own
maximum induced by the UV radiation.helical structure is used as the polymer matrix, intro-

(3 ) Investigation of the possibility of development ofduction of 10 mol % of chiral dopant to the copolymer
photosensitive materials in which the helix pitchprovides complete miscibility between the components,
may be either increased (mixture I) or decreasedand this system undergoes no phase separation.
(mixture II) under the action of light.Taking into account the above reasons, in this work

we studied the photo-optical properties of the mixture
based on the low molecular mass chiral dopant Mtn

2 . Experimentaland the cholesteric copolymer, which is characterized by
We synthesized the ester of propanoic acid andthe left-handed helical structure I:

(Õ )-[4-(6-hydroxyhex-1-yloxy)benzylidene]menthane-3-
one (Mtn) according to the procedures described in
[15]. The structure of this compound was con® rmed by
IR, 13C and 1H NMR spectroscopy; the optical rotation
was measured ( [a]D

22 = Õ 154.0 ß , [M ]D
22 = Õ 634 ß ) . The

monomers for copolymerization were synthesized accord-
ing to procedures described in [20, 21]. The copolymers

I
were synthesized by radical copolymerization of the
monomers in benzene solution at 60 ß C; AIBN was used
as an initiating agent. The copolymers synthesized were
puri® ed by repeated precipitation with methanol and

X =23; Y =77 mol %
dried in vacuum.

Taking into account our previous publications Phase transitions in the copolymers were studied by
[15, 16, 18], one may assume that, as a result of UV di� erential scanning calorimetry (DSC) using a Perkin
radiation, this mixture containing two left-handed com- Elmer DSC-7 thermal analyser at a scanning rate of
ponents will undergo untwisting of the cholesteric helix; 10 K min Õ 1. Before the DSC measurements, the test
that is, the maximum selective re¯ ection wavelength lmax samples were annealed for one month at 45 ß C. The
will shift to the long wavelength region. On the other polarizing microscopic investigations were performed
hand, it seemed interesting to study the case when UV using a Mettler TA-400 thermal analyser and a LOMO
radiation will lead to quite the reverse e� ect, such that P-112 polarizing microscope. Selective light re¯ ection
lmax will shift to the short wavelength region. properties of the chiral mixtures were studied with a

To obtain such materials, we prepared the mixture of Hitachi U-3400 UV-vis-IR spectrophotometer equipped
with a Mettler FP-80 hot stage. The samples of thicknessthe above low molecular mass dopant Mtn with a chiral
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681Photochromism in chiral L C mixtures

20 mm were sandwiched between two ¯ at quartz plates The existence of the chiral nematic mesophase in the
mixtures over a relatively wide temperature intervaland annealed for 20 ± 40 min.

In this work, X-ray analysis was performed using primarily manifests itself in the appearance of selective
re¯ ection of circularly polarized light. Figure 1 shows thea URS-55 di� ractometer (Ni-® ltered CuK a radiation,

l= 1.54 AÊ ). temperature dependences of the maximum selective light
re¯ ection wavelengths for menthyl-containing copolymerPhotochemical studies were performed using a specially

designed instrument equipped with a DRSh-250 mercury II and its mixture with Mtn. The pro® les of both the
above dependences are typical for a chiral nematic phasehigh-pressure lamp. (A detailed description and scheme

of this instrument were reported in [16].) Using the [15, 16, 20, 23, 24]. A slight helix untwisting near the
clearing temperature is associated with a decrease in® lter, we identi® ed the 313 nm band of linear lamp

radiation. To prevent heating induced by IR radiation, orientational order parameter S .
For cholesterol-containing copolymer I ( ® gure 2 ), asa water ® lter was used; a quartz lens ensured a ¯ at

parallel light beam. Under radiation, a constant temper- the temperature is decreased, the maximum selective
light re¯ ection wavelength slightly decreases, and thisature of the samples was maintained using a Mettler

FP-80 heating unit. The intensity of UV radiation was phenomenon is caused by the appearance of smectic
order ¯ uctuations in the system. Such behaviour is2.03 Ö 10 Õ 9 Es s Õ 1 Ö cm Õ 2 or 0.77 mW cm Õ 2.

In our investigations, we used n-octane solutions of typically observed for low molecular mass and polymer
cholesterics [5, 6].Mtn; the concentration was varied from 1 Ö 10 Õ 5 to

5 Ö 10 Õ 5 mol l Õ 1. Irradiation was carried out using a The presence of layer order ¯ uctuations is proved by
the X-ray analysis. In addition to an amorphous halo,quartz cell with a thickness of 2 cm; during radiation, the

solution was stirred using a magnetic stirrer. Isomerization
was monitored by recording absorption spectra of the
irradiation solutions at certain time intervals.

3 . Results and discussion

3.1. Phase behaviour and optical properties of
copolymers I and II containing low molecular mass

dopant M tn

Using the data from polarizing microscopy, DSC, and
X-ray analysis, the types of mesophases and the temper-
atures and enthalpies of the phase transitions of the
mixtures based on cholesterol-containing copolymer I

with 10 mol % of Mtn were determined (table 1 ).
Introduction of the chiral dopant does not change the
phase sequence of the composition as compared with
the initial copolymer. However, the clearing temperature
decreases by 30 ß , and this decrease is associated with
the non-mesomorphic nature of the dopant. The mixture Figure 1. Temperature dependence of lmax for copolymer II (1 )
of copolymer II (content of Mtn is 5 mol %) produces and its mixture (2 ) with 5 mol % of Mtn dopant

(mixture II).only a chiral N* phase (table 1 ).

Table 1. Phase behaviour and thermal properties of copolymers and mixtures.

Sample Glass transition Tg / ß C Phase transitions temperaturesa
/ ß C

Left-handed copolymer I 21 TDK*b 49 (0.9 ) N* 117 (1.2 ) I

Mixture I (copolymer I+ 10 mol % of Mtn) 18 TDK* 49 (1.4 ) N* 88 (Õ )c I

Right-handed copolymer II 25 N* 94 (1.0 ) I

Mixture II (copolymer II+5 mol % of Mtn) 20 N* 82 (0.9 ) I

a The values of the enthalpies of phase transition are indicated in parentheses (J g Õ 1 ).
b The structure of this unusual ordered phase was described in [22].
c Exothermal peak not clearly visible in the thermogram.
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682 A. Yu. Bobrovsky et al.

According to the following equation from [7],

A = DlÕ 1
max /X (1 )

the twisting power A of the chiral dopant Mtn in
cholesterol-containing copolymer may be calculated. In
this case, it is equal to 9.4 mm Õ 1, and this value is lower
by a factor 1.5 than the corresponding value for the
chiral units in menthone-containing copolymers [15, 16].
In our opinion, this di� erence is related to the presence
of the above-mentioned smectic order ¯ uctuations, which
prevent helical twisting of mesogenic fragments in
copolymers.

Thus, the above mixtures are materials with selective
light re¯ ection in the visible spectral region. Note that
these mixtures are stable over time; the fact that they
contain an unsaturated chiral compound o� ers a unique
opportunity for controlling the maximum selective light

Figure 2. Temperature dependence of lmax for copolymer I (1 ) re¯ ection wavelength by UV irradiation. The results ofand its mixture with 10 mol % of Mtn dopant (mixture I)
our investigations of the photochemical processes occur-before (2 ) and after (2 ¾ ) irradiation.
ring in solution and in the bulk ( ® lms) are discussed
below.

the corresponding X-ray re¯ ection pattern shows a
3.2. Photochemical behaviour of chiral dopant M tn indi� use small angle re¯ ection with a low intensity (® gure 3 ).

solutionCopolymer I/Mtn mixture ( ® gure 2, curve 2 ) is mono-
The Mtn-containing solutions were exposed to UVchromic, and the helix pitch is independent of temper-

irradiation for a given period of time (usually 5 min),ature. In this case, as the temperature is decreased, the
and the corresponding absorption spectra were recorded.appearance of smectic ¯ uctuations and an increase in
Figure 4 (a) shows the changes in the absorption spectraorder parameter S are likely to compensate each other.
of Mtn dissolved in n-octane during UV irradiation. InAs follows from ® gures 1 and 2, in the case of mixture
this case, the principal absorption maximum correspondsI, introduction of chiral dopant Mtn leads to an addi-
to the p-p* electronic transition of the unsaturatedtional twisting of the system, whereas quite the reverse
benzylidenementhane-3-one fragment [28 ± 30].situation is observed for mixure II: the helix pitch increases.

As follows from ® gure 4 (b), the values of the opticalThis behaviour may be rationalized by the fact that
density of the solution at the radiation wavelengththe dopant is left-handed. When this dopant is added
(313 nm) decreases with time, and after 100 min exposureto the left-handed copolymer I, the c̀hirality’ of the
achieves a constant value. This phenomenon is relatedsystem increases, whereas its addition to right-handed
to the lower extinction coe� cient (e313 ) of the cis-isomercopolymer II decreases its c̀hirality’.
formed [28, 29]. The existence of an isobestic point at
l= 287 nm, ® gure 4 (a), suggests the occurrence of only
one photoprocess, that is E ± Z isomerization [29, 30].
Note that the photochemical behaviour of the above
solutions is similar to that of the chiral comb-shaped
homopolymer containing side groups with identical
chemical structure and of the menthone-containing
copolymers [16].

Additional supporting evidence for the occurrence of
E ± Z isomerization in Mtn-containing solutions is pro-
vided by 1H NMR spectroscopy. Figures 5 (a) and 5 (b)
show the spectra of the initial E-form and the mixture
of isomers after achievement of a photostationary state.
From the experimental data, we evaluated the approximate
ratio between the components in the photostationary
state to be 10 mol % of E-isomer and 90 mol % of

Figure 3. X-ray di� raction pattern of copolymer I at 22 ß C. Z-isomer.
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683Photochromism in chiral L C mixtures

(a)

(b)

Figure 5. Part of the 1H NMR spectrum of Mtn before (a)
and after (b) UV irradiation.

An e� ort was made to estimate the quantum yield of
the photoisomerization. The calculations were carried
out according to the equation derived in [16]:

QE= Õ A dD

dt B t � 0

V

I0 ( 1 Õ 10 Õ D
)e

313
E l

(2 )

(a)

(b)

where I0 is the intensity of the incident light, V isFigure 4. (a) Changes of the absorption spectra of Mtn in
the volume of the system, D is the optical density ofn-octane solution during UV irradiation (irradiation time
the solution at the initial moment of time (in otheris shown in the ® gure); (b) change in the optical density of

the Mtn solution as a function of time (l= 313 nm D313 ) words, the optical density associated with the presence
during UV irradiation. of only E-isomer), e

313
E is the extinction coe� cient of the

E-isomer at a wavelength of 313 nm and l is the thickness
of the cell.

Using equation (2 ), one may easily estimate theThe whole body of this experimental evidence suggests
the occurrence of E ± Z isomerization in the chiral photo- quantum yield of the forward process (E � Z ) in

the solutions studied. The results of our calculationschromic dopant; no secondary reactions take place. The
corresponding spectra of the irradiated solutions do not are listed in table 2; for comparison, we also present

the values of the quantum yield for the solutions of thechange with time, and therefore no back dark process
occurs (at room temperature). menthone-containing homopolymer and copolymers
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684 A. Yu. Bobrovsky et al.

Table 2. Wavelength of the absorption maxima (lads), the extinction coe� cient of the E-isomer at a wavelength of 313 nm and
the quantum yield of E ± Z isomerization of the Mtn dopant, as well as those of the chiral homopolymer and the copolymer
containing 30 mol % of chiral units.

Sample Solvent lads /nm e
max
E /mol Õ 1 cm Õ 1 l e313

E /mol Õ 1 cm Õ 1 l QE

Mtn n-octane 297 16400 13300 0.34

Chiral homopolymer [16] dichloroethane 303 13300 12600 0.36

Copolymer with 30 mol % of chiral unitsa [16] dichloroethane 262 15800 12300 0.33

a The structure of the chiral photochromic copolymer is shown in the introduction.

with 30 mol % of chiral units [16]. The calculated values
of the quantum yield are in good agreement with the
data obtained for low molecular mass derivatives of
menthone [28, 29].

3.3. Photo-optical properties of mixtures of chiral
copolymers I and II with M tn

To reveal the principal features of the photochemical
behaviour of the above-mentioned mixtures, the 20 mm
thick ® lms were exposed to UV radiation at room
temperature. After a certain exposure time, the mixtures
were annealed at a temperature exceeding the glass
transition temperature Tg by ~30 ß C.

Simultaneously, the corresponding selective light
re¯ ection spectra were recorded. For ® lms irradiated at
25 ß C without further annealing at temperatures above
Tg , no changes in the helix pitch were observed. As the
temperature is increased, the maximum selective light
re¯ ection wavelength changes at the radiation-exposed
point ( ® gure 6 ) . Under UV irradiation and with sub-
sequent annealing of the mixture with cholesterol-

Figure 6. Kinetics of helix untwisting for the mixture ofcontaining copolymer I, the peak shifts to the long
copolymer I with Mtn. The sample was irradiated for

wavelength region. At the initial time, the test sample 125 min at 25 ß C, then annealed at 60 ß C; the spectra were
shows selective light re¯ ection in the blue spectral region; recorded at 2 min intervals after annnealing. The arrow

shows the direction of shift from the initial time ofas a result of irradiation and subsequent annealing, the
recording.value of lmax shifts to the red spectral region ( ® gure 7 ).

Figure 8 shows a microphotograph of the thin ® lm
prepared from a mixture of copolymer I with the dopant In the case of mixture II (menthyl-containing copoly-

mer II and 5 mol % of Mtn dopant), the half-widthMtn and the e� ect of exposure to UV irradiation. The
initial ® lm has a blue colour and after UV irradiation of the peak also depends slightly on exposure time

( ® gure 10 ). However we emphasize the principal featurered spots are formed on the blue background. These red
spots correspond to the irradiated regions having a of the photochromic behaviour of this system: the maxi-

mum shifts to the short wavelength region ( ® gure 11 ).helical supramolecular structure with a longer pitch of
the helix. In this case UV irradiation of the mixture II leads to

E ± Z isomerization of the dopant and this means thatIn this case, the higher the temperature of UV radiation,
the higher the intensity of this process ( ® gure 9 ). Note helical twisting power of the dopant decreases, i.e. the

in¯ uence of the dopant on the mixture is stronglythat the shift of the selective light re¯ ection peak is
accompanied by no marked increase in its half-width as supressed. As a result, the helix starts to twist and the

selective re¯ ection of light is shifted to shorter wave-was observed for copolymers in [16]. In this case, the
half-width of the peak remains almost unchanged until length. Figure 11 shows the time dependence of the helix

twisting at two temperatures; at the higher temperaturea photostationary state is attained. No degeneration of
the peak is observed ( ® gure 7 ). a shorter time of helix twisting is observed.
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685Photochromism in chiral L C mixtures

Figure 8. Microphotograph of a ® lm prepared from mixture I
on exposure to UV irradiation. The red spots correspond-
ing to the irradiated zones are clearly seen on the blue
background of the initial sample.

Figure 7. Change of transmission spectra of the mixture I
(copolymer I and 10 mol % of Mtn dopant) during UV
irradiation. Spectra were recorded at 5 min intervals after
UV irradition. The temperature of the irradiated sample
was 60 ß C. The arrow shows the direction of shift of the
peak of selective light re¯ ection.

Figure 9. Untwisting of the helix for the mixture I
(copolymer I +10 mol % of Mtn) during UV irradiation

Thus, the introduction of left-handed dopant in the at di� erent temperatures: + 108 ß C; E 60 ß C; _ 25 ß C.
right-handed copolymer leads to untwisting of the helix
and further UV irradiation leads to the twisting of the
helix. In such a way we can regulate the supramolecular A decreased anisometry of the chiral molecules has
structure of cholesteric copolymers using UV irradiation. an e� ect on thermal stability of mesophase. As in the

Earlier, we assumed that the reason for an increase in case of copolymers under irradiation [16], the clearing
helix pitch is provided by E ± Z isomerization of chiral temperature decreases (on average by 10 ß C) until the
groups and the corresponding twisting power of the photostationary state is attained.
Z-isomer is much lower [16, 17]. For example, for To estimate the e� ciency of this photoprocess in
unirradiation mixture I, the twisting power of the chiral ® lms of the above mixtures, we calculated the values of
dopant is equal to 9.4 mm Õ 1. In the case of the same the quantum yield at di� erent temperatures. According
mixture I, the helical twisting power of the photo- to [16], the quantum yield may be easily obtained
stationary mixture of E and Z isomers of Mtn is calcu- from changes in the maximum selective light re¯ ection
lated through equation (1 ) and is equal to 2.7 mm Õ 1

wavelength at the initial moment of time:
( ® gure 2, curve 2 ¾ ). This marked change in helix twisting
power is associated with a strong disturbance of the Q ¾E= (QE )t=0= Õ

rl

MAI0 A dlÕ 1

dt B t=0
. (3 )

anisometry of the chiral fragment.
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686 A. Yu. Bobrovsky et al.

Figure 11. Change of the helix pitch of mixture II under UV
irradiation at di� erent temperatures: E 25 ß C; + 60 ß C.

di� usion constants of the copolymers or the di� usion of
the low molecular mass component in the polymer
matrix rather than the elementary event of the photo-
process. It seems evident that the di� usion constants of a
chiral additive will be much higher than the self-di� usion
constants of copolymers. Calculation of true quantumFigure 10. Change of transmission spectra of mixture II
yields for media with high absorption in the absence of(copolymer II and 5 mol % of Mtn dopant) during UV

irradiation. Spectra were recorded at 5 min intervals after di� usive mixing presents a complicated mathematical
UV irradiation. The temperature of the irradiated sample problem [31 ± 33].
was 60 ß C. The arrow shows the direction of shift of the Table 3 shows the values of (dlÕ 1

/dt )t=0 andpeak of selective light re¯ ection.
apparent quantum yields for the copolymer with
10 mol % of menthone-containing chiral units [16] and
for the mixture of cholesterol-containing and d-menthyl-Here M is the mean molecular mass of the copolymer

units, r is the density of the copolymer, A is the twisting containing copolymers I and II, respectively, with Mtn

dopant (the content of photoactive component is 10 andpower of the chiral additive, I0 is the intensity of the
incident light, l is the maximum selective light re¯ ection 5 mol %, respectively).

As seen from table 3, the values of the quantum yieldswavelength and l is the ® lm thickness.
However, as was discussed in [16], the limiting stage for ® lms are lower by about one order of magnitude

than those for solutions (table 1 ). This may be explainedof this process is the di� usion of the reacted component.
Hence, the calculated quantum yields characterize self- by the much higher viscosity and the low molecular

Table 3. Values of (dlÕ 1 /dt)t=0 and apparent quantum yields Q ¾E for the copolymer containing 10 mol % of chiral monomer units
[16] and the mixtures I and II at di� erent temperatures.

A dlÕ 1

dt B t=0
/mm Õ 1 min Õ 1Sample Irradiation temperature/ ß C Q ¾E

Copolymer containing 10 mol % of chiral units Tcl+20 Õ 0.0159 0.037
60 Õ 0.0614 0.014
25 Õ 0.00117 0.003

Mixture I (copolymer I+ 10 mol % of Mtn) Tcl+20 Õ 0.0202 0.074
60 Õ 0.0135 0.050
25 Õ 0.0116 0.042

Mixture II (copolymer II+5 mol % of Mtn) 60 0.00778 0.028
25 0.00615 0.023
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[12] Petry, A., Brauchle, Ch., Leigeber, H ., M iller, A.,mobility of these systems in the condensed state. On the
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15, 113.
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di� usion constants. 1998, L iq. Cryst., 25, ( in press).
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