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The isothermal formation of concentric colour domains has been observed in a cholesteric
mixture doped with 10 wt % of a photochromic nematic material. The host cholesteric mixture
included the Merck materials BL131a and BL130, while the photochromic dopant was a
mixture of 4-n-butyl-4¾ -n-alkoxyazobenzenes (BAAB). The helical pitch of the host cholesteric
mixture was increased, as expected, on addition of the photochromic nematic material prior
to irradiation with the molecules in the purely trans-con� guration. On irradiation with low
power (0.6 mW) argon ion laser light, cis-isomers formed within the interaction region and
concentric colour domains appeared. Selective re� ection from the colour domains occurred
in the 400–560 nm spectral range. The coloured domains persisted in the time period following
irradiation and extended beyond the interaction region because of diŒusion of the cis-isomers.
Using the diŒusion equation, an expression has been obtained for the average concentration
of cis-isomers in each of the coloured domains and the dependence of the re� ection wavelength
upon the concentration of cis-isomers has been determined.

1. Introduction cis-isomers even in small amounts (e.g. several wt % in
The ability of cholesteric structures to change their nematic azo-benzenes [17]) stimulates an isothermal

pitch reversibly due to a conformational trans–cis iso- phase transition.
merization of the azo-fragment N N is the basis for Isothermal phase transitions in the nematic liquid
the operation of a number of optical devices featuring crystal formed from a mixture of 4-n-butyl-4 ¾ -n-alkoxy-
switching or memory eŒects [1–15]. The azo fragment can azobenzenes (BAAB) have been reported previously [17].
be a structural part of the chiral molecules themselves, That work showed that isothermal phase transitions
or contained within dopants in a liquid crystalline matrix. took place on irradiation with low power (7 mW) Ar+
UV irradiation or short wavelength laser illumination laser radiation and that components of the mixture have
can stimulate the transition of rod-shaped trans-molecules long-lived cis-conformational forms. Isotropic ‘holes’
to bent-shaped cis-molecules, a phenomenon known to were observed to persist for several hours in a 5 mm
reduce the stability of liquid crystalline phases. Doping thick device. When viewed via polarization microscopy,
a cholesteric liquid crystal with a photochromic nematic it was possible to observe active diŒusion of cis-isomers
azo compound that initially exists in the ground state from the excitation zone and an expansion of the iso-
in the form of trans-isomers, results in a shift of the tropic ‘hole’ after irradiation. This paper reports an
selective re� ection band of the host to a longer wave- isothermal phase transition induced by irradiation from
length region, an optical eŒect caused by an increase a very low power (0.6 mW) Ar+ laser in a cholesteric
of the helical pitch. Photo-irradiation of such doped liquid crystal doped with the same nematic photo-
mixtures causes cis-isomers to form, which leads to the chromic material. The cholesteric host material was
opposite eŒect—a reduction of the helical pitch and a selected because of its relatively temperature independent
shift of the re� ection band towards shorter wave- pitch. Following irradiation, a pattern of concentric
lengths [1, 10, 11, 16]. It is known that a build-up of colour domains with diŒerent re� ection wavelengths in

the 400–560 nm spectrum range is seen to form in the
sample and expand beyond the region of illumination*Author for correspondence; e-mail: serak@inel.bas-net.by
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20 S. V. Serak et al.

as a result of diŒusion of cis-isomers. The domains are on the area occupied by the re� ecting region of interest.
For large, uniform areas (>1 mm2 ), absorption spectraall observed to have re� ection wavelengths smaller than

the re� ection wavelength of the undoped cholesteric/ were recorded on a Cary UV-Vis spectrophotometer .
Alternatively, re� ection spectra were measured by anematic material. The in� uence of the trans–cis transitions

of the photochromic dopant on the re� ection band is specially designed re� ection spectroscopy apparatus linked
to an Olympus BH2-UMA re� ection microscope. Thedescribed and the pattern of concentric coloured domains

is explained in terms of a diŒusion model. UV-Vis spectrometer has a superior wavelength range and
the re� ection band can be associated with an absorption

2. Experimental peak, but the sample illumination is relatively wide
2.1. Materials and sample preparation angle, causing broadening of the band. The re� ection

The cholesteric host material, supplied by Merck Ltd., spectroscopy apparatus illuminates the sample at near-
UK, was an 85/15 wt % mixture of the materials BL131a normal incidence, but the wavelength range is restricted
and BL130, with a clearing point of 102ß C and a smectic to visible wavelengths (approximately 450 to 650 nm).
to cholesteric transition temperature below Õ 40 ß C. The Rapid determination of the selective re� ection wave-
cholesteric host material was doped with 10 wt % of a length in small areas of the sample, of dimension around
room temperature photochromic nematic mixture, denoted 100 mm and on a time scale faster than the relaxation
BAAB. The BAAB mixture is formed from equal weight time of the light-induced phenomena, could not be per-
ratios of the n 5 1, 2 and 5 homologues of 4-n-butyl- formed by either apparatus. Thus, wavelength analysis
4 ¾ -n-alkoxyazobenzene and has a nematic to isotropic of the small concentric domains formed in the liquid
transition temperature of 56 ß C. Structural formulae of crystal following irradiation was performed by analysis
the homologues and their phase transition temperatures and colour matching of the image of the liquid crystal
are given in � gure 1. The BL131a/BL130/BAAB mixture texture; this was recorded using a digital camera (JVC
had a cholesteric to isotropic phase transition temper- TK-C1381).
ature of 93 ß C and, in common with the host cholesteric In analysing the origin of the change of selective
material, no smectic phases were observed close to room re� ection from the photochromic cholesteric/nematic
temperature. The cholesteric host mixture is designed by mixture, it was considered possible that the refractive
Merck Ltd to have a relatively temperature-independen t index of the system was changed by irradiation. Since
pitch, a property that persists following the addition the wavelength of the selective re� ection peak, lp , is
of the photochromic nematic azobenzene mixture. The related to the average refractive index, n 5 (no 1 ne )/2,
average selective re� ection wavelength of the BL131a/ and the helicoidal pitch of the system, p, through the
BL130/BAAB mixture varied linearly with temperture equation [18],
from approximately 635 nm at 20 ß C to 655 nm at 93 ß C,

lp 5 np (1)i.e. the rate of change of pitch with temperature, dP/dT ,
is positive. All experiments involving irradiation of the

a change in the selective re� ection wavelength canBL131a/BL130/BAAB mixture were carried out at room
be caused by changes in either the refractive index ortemperature. Prefabricated devices, also provided by
the pitch. The refractive indices of the samples studiedMerck Ltd, were used to encapsulate the liquid crystals.
were measured using a commercial Abbe refractometerThe device substrates are coated with rubbed polyimide
(Bellingham and Stanley Ltd.) at a wavelength of 590 nm� lms to ensure a planar orientation, and the thickness
over the temperature range 23–80 ß C. The cholestericof liquid crystal layer was nominally 5 mm.
sample was aligned in a planar geometry, with the optic
axis perpendicular to the faces of the refractometer2.2. Experimental methods
prisms, by rubbing the surfaces of the prisms with aThree methods were employed to determine the peak
PVA solution. The use of this technique to measure theselective re� ection wavelengths of the samples, depending
refractive indices of cholesteric liquid crystals is well
known [18]; the ordinary and extaordinary indices can
be deduced from two orthogonally polarized measure-
ments, one corresponding to no , the other a combination
of no and ne .

3. Results and discussion
Figure 2 shows the absorption spectrum of the BL131a/

BL130/BAAB mixture, measured using the UV-VisFigure 1. Structures and phase transition temperatures of the
4-n-butyl-4¾ -n-alkoxyazobenzene homologues. spectrometer, together with the re� ection spectrum
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21Concentric colour domains in a Ch L C mixture

Figure 2. The absorption spectrum
and re� ection band of the
BL131a/BL130/BAAB mixture
at room temperature (20 ß C).

measured on the microscope apparatus. The selective (633 nm) is far from the BAAB absorption band. The
power incident on the sample from the Ar+ and He-Nere� ection band of the mixture can be seen as a peak in

the absorption spectrum in the region 600–655 nm. The lasers was 0.6 and 0.2 mW, respectively. The laser light
was focused by a lens of focal length 5 cm onto theabsorption in the blue part of the spectrum is primarily

due to the BAAB component in the mixture. The absorp- cell to a spot 150 mm in diameter. Only light from the
He-Ne laser transmitted by the device was incident ontion coe� cient of the cell was 30 cm Õ 1 for light at 488 nm

(the wavelength emitted by the Ar+ laser). The re� ection the photodetector, the output signal from which was
processed by a computer. The probe beam wavelengthspectrum of the mixture shows only the re� ection band

of the cholesteric/nematic mixture and it can be seen lies in the centre of the selective re� ection band of the
mixture prior to excitation (see � gure 2), so the samplethat the peak of the re� ection band coincides with a

peak in the absorption spectrum. More detail of the initially re� ects part of the light incident on it. Following
illumination of the cell with Ar+ laser light, and as ainterference fringes due to the � nite sample thickness is

apparent from the re� ection spectrometer data. result of trans–cis isomerization, the planar-oriented
liquid crystalline layer in the interaction region becomesA schematic illustration of the experimental arrange-

ment used to investigate the temporal evolution of the isotropic. This phenomenon was observed via polarization
microscopy as well being apparent from the increasedisothermal phase transition induced in the photochromic

BL131a/BL130/BAAB mixture is presented in � gure 3. intensity of the probe radiation at the cell exit. The
insert in � gure 3 shows the variation of the cell trans-Light was incident on the sample from two laser sources:

an Ar+ laser was used for excitation (l 5 488 nm), while mission with time. Here, the cell switching time, corre-
sponding to the isotropic transition, is approximatelya He-Ne laser was chosen to probe the light-induced

changes in the liquid crystal material as its wavelength 140 s for an Ar+ laser power density of 3.4 W cm Õ 2.

Figure 3. A schematic representation of the experimental unit used to study transmission kinetics in a cell � lled with the
BL131a/BL130/BAAB mixture. The insert shows the transmitted intensity of the photochromic cholesteric device as a function
of time following illumination with the Ar+ laser light, which is switched on at t 5 0.
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22 S. V. Serak et al.

The switching time of a 5 mm thick cell � lled with The external dimensions of the domains were deter-
pure BAAB and placed between crossed polarizers has mined by their minimum diameter from the diagram
been investigated for comparison. In this case, the time shown in � gure 4 (b), and were approximately equal
taken to switch the nematic liquid crystal layer to the to (1) 150 mm, (2) 330 mm, (3) 570 mm, (4) 870 mm,
isotropic state using the same laser power density was (5) 1500 mm and (6) 1650 mm. The small size and short
5 s. The much longer response time in the cholesteric lifetime of the colour domains precluded the direct use
mixture can be atrributed to the relatively low con- of either the re� ective spectroscopy apparatus or the
centration of the photochromic species, as well as the UV-Vis spectrometer to determine the re� ection wave-
enhanced liquid crystalline stability of the cholesteric lengths of the coloured regions. The re� ection band
mixture (TNI 5 56 ß C for BAAB and TChI 5 93 ß C for the wavelengths were therefore determined in the follow-
BL131a/BL130/BAAB mixture). It is known that He-Ne ing manner. The irradiated sample was placed in the
laser radiation can cause a reverse cis–trans isomerization re� ection microscope apparatus and a digitized video
of the photochromic molecules. At the power level used image of the colour domain in the viewing � eld was
in these experiments (~1 W cm Õ 2 ), the probe beam can recorded. The colour of the video image was calibrated
stimulate the reverse transition of the layer from the iso-

by recording images of the monochromatic light pro-
tropic state to the liquid crystal in several minutes [17].

duced at the exit slit of the UV-Vis spectrophotometer .
This eŒect can be observed in the form of oscillations on

By changing the wavelength of monochromatic light
the transmission versus time curve, shown in the insert

coming from spectrophotometer, the colour of the domains
in � gure 3.

in the sample image were matched with the colour of the
The appearance of the optically excited regions was

calibrated image. The following values of the re� ection
examined in the viewing � eld of an Olympus BH2-UMA

band wavelengths were obtained for each of the domains:
re� ection microscope with white light illumination,

(1) 400 nm, (2) 430 nm, (3) 465 nm, (4) 490nm, (5) 530 nmfollowing irradiation with light from the Ar+ laser. Care
and (6) 560 nm. For the principal � eld outside thewas taken to maintain the illumination level and time
illuminated area, the re� ection band wavelengths measuredwell below those values which could induce a photo-
by both the re� ection spectroscopy and UV-Vis methodschromic response in the mixture. Figure 4 depicts a
were equal to 625 nm (see � gure 2). The error of deter-pattern of six concentric colour domains induced in the
mination of colour in the domains by this methodchiral structure. The pattern emerged in the 20 s time
certainly did not exceed the bandwidth of the selectivelyperiod following the moment when the Ar+ laser was
re� ected light from the cholesteric structure, which isswitched oŒ; the complex domain structure persisted for
about 55 nm for this system, and was probably mucha lifetime of several seconds. Subsequently, the colour
less than this. The selective re� ection wavelength reducespattern broke down in such a way that domains with
to a minimum at the centre of the domain pattern, withshorter helical pitch were transformed to domains with
a maximum shift of 225 nm with respect to the non-longer helical pitch, though the outer boundary of the
irradiated sample. This shift is much larger than the 60 nmwhole structure did not change its position for several

minutes. reported for a similar dye-doped cholesteric system [19].

Figure 4. (a) A typical pattern of colour domains in a planar cell � lled with the BL131a/BL130/BAAB mixture, emerging after
irradiation with Ar+ laser. (b) A diagram of the domain structure. The arrows on the diagram indicate the minimum radii
measured and referred to in the diŒusion calculations; the sample was at room temperature throughout.
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23Concentric colour domains in a Ch L C mixture

As can be seen from equation (1), the re� ected wave- where N0 is the number of azo compound molecules per
length can be aŒected by a change of the helical pitch unit volume (before irradiation all of them are present
or a change in the refractive indices of the mixture, both in the trans-form), U(x, y, t) is the radiation intensity, b
of which can depend on the cis-isomer dopant concen- is the quantum yield of photo-isomerization , K0 is the
tration. If we assume that an increase in the cis-isomer absorption coe� cient, hn is the energy of a photon, tc
concentration causes an order parameter change, it is is the cis-isomer lifetime, D is the diŒusion coe� cient
important to consider that values of the refractive indices and D is the Laplace operator. Consideration of the
in diŒerent domains may be diŒerent. In the BL131a/ diŒusion of cis-isomers in the cell is restricted to a two-
BL130/BAAB mixture, the refractive indices no and ne dimensional case, because of the geometry of the experi-
were found to be 1.6953 Ô 0.0003 and 1.5108 Ô 0.0001 ment and the fact that the colour pattern lies in the plane
respectively, at room temperature. The helical pitch in of the cell. Then, the Laplace operator takes the form:
the non-irradiated cell was therefore estimated to be D 5 q2 /qx2 1 q2 /qy2. This inherently implies that the cis-
390 nm. When the refractive indices were measured on isomer concentration along the z-direction (normal to
the Abbe refractometer, the isotropic point of the mixture

the glass substrates of the device) is constant. If N
cis

% N0 ,
(93 ß C) could not be reached due to a technical limitation

equation (2) takes the simpli� ed form:
of the refractometer. The value of n calculated from the
directly measured indices at 80 ß C (ne 5 1.5093 Ô 0.0002,
no 5 1.6274 Ô 0.0006), the highest point in temperature

qN
cis

qt
5

bK0
hn

U Õ
N

cis
tc

1 DDN
cis

. (3)
measured, was 1.5684 (Ô 0.0007) . The variation of the
average refractive index over the whole liquid crystal

Let the laser be switched on at a time t 5 0 andrange can reasonably be assumed to be not higher than
switched oŒat time t 5 t1 , then U(x, y, t) 5 0 when t< 0, or0.03, since the average refractive index at 23 ß C in the
t > t1 , and U(x, y, t) 5 U0 f (x, y) when 0 < t < t1 . Solvingmesophase is n 5 1.6031 and in the isotropic phase it is
equation (3 ) for the initial condition N

cis
(r, t 5 0) 5 0,expected to be equal to: niso 5 [(n2

o 1 2n2
e )/3]1/2 5 1.5747.

and the boundary conditions |x| < 2 , |y|< 2 , the distri-Thus, the variation in re� ection wavelength associated
bution of the number of cis-isomers at the end of thewith a refractive index change should not exceed 12 nm
irradiation period t1 can be shown to be described byand such a small change in the refractive index could
the formula:not alone account for the observed large change in

re� ection wavelength due to trans–cis isomerization. It
therefore seems reasonable to suggest that the variation

N
cis

(x, y, t) 5 exp A Õ
t1
tc
BbK0

hn P t1

0
dt P2

Õ 2
P2

Õ 2
in the re� ection wavelength is caused primarily by a
variation in the helical pitch of the cholesteric mixture
doped with BAAB. Further analysis of this proposal is

3
U(j, g, t)

4pD(t1 Õ t)
exp A Õ

(x Õ j)2 1 (y Õ g)2

4D(t1 Õ t) Bprovided in the next section.

4. Theoretical estimations and discussion 3 exp A t

tc
B dj dg. (4)

Irradiation with the Ar+ laser causes a trans–cis iso-
merization of the azo-compound molecules incorporated

For a Gaussian distribution of the radiation intensityin the chiral structure. The observations described in the
in the plane of the cell, U 5 U0 exp[(x2 1 y2 )/r2

0],preceding section can be modelled as follows, provided
equation (4) gives:that the assumption is made that there is no selective

adsorption of the cis-isomer on the solid surface, a
process that takes place due to the higher polarity of

N
cis

(r, t) 5 exp A Õ
t1
tc
BbK0U0

hn P t1

0

r2
0

r2
0 1 4D(t1 Õ t)the cis-isomer in comparison with the trans-isomer. In

the experiment performed here, such an assumption
is reasonable as the device substrates are coated with

3 expA Õ
r2

r2
0 1 4D(t1 Õ t)B exp A t

tc
Bdt

polyimide, though in cases where hydrophilic surface
are used [20], such an assumption cannot be justi� ed.

(5)The non-stationary equation for the quantity of
cis-isomers N

cis
per unit volume can be written as:

where r2 5 x2 1 y2. When the laser source is switched oŒ

the diŒusion process is governed by equation (3) withqN
cis

qt
5

bK0
N0hn

(N0 Õ N
cis

)U Õ
N

cis
tc

1 DDN
cis

(2)
U 5 0. Solving this equation for the initial conditions
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24 S. V. Serak et al.

given by expression (5), equation (6) is obtained: each of the concentric domains in � gure 4 on the relative
concentration of cis-isomers 7 N

cis 8 /N0 estimated using
(7) and the following values: U0 5 3.4 W cm Õ 2, b~0.7,N

cis
(r, t) 5 expA Õ

t2
tc
B bK0U0

hn P t1

0

r2
0

r2
0 1 4D(t1 Õ t) 1 4Dt2 K0

~30 cmÕ 1, hn~4 3 10 Õ 19 J, tc
~15 s, D~10Õ 6 cm2 sÕ 1,

t1 5 140 s, t2 5 20 s [21].
3 exp A Õ

r2

r2
0 1 4D(t1 Õ t) 1 4Dt2

B It can be seen from � gure 5 (a) that the re� ection
wavelength (and therefore the helical pitch) decreases
with increasing concentration of cis-isomers. Such an

3 exp A t

tc
Bdt. (6 ) eŒect cannot be due to local heating since not only does

the mixture have a very small absorption coe� cient at
488 nm (see � gure 2), but the pitch of the BL131a/Here, t2 is the time between the moment when the laser
BL130/BAAB increases slightly with temperature. Tois switched oŒ and the moment of observation. The
allow the light-induced decrease in pitch to be consideredaverage concentration of cis-isomers corresponding to
in the context of an increasing nematic component in theone domain of a ring shape with inner radius r1 and
mixture, � gure 5 (b) shows the variation in the re� ectionouter radius r2 can be found by integrating equation (6)
wavelength of the chiral nematic/nematic mixture BL131a/with respect to r. Ultimately the following relationship
BL130 with changing concentration of the nematicis obtained:
component BL130. As expected, the selective re� ection
wavelength increases with the nematic component con-7 N

cis 8 5
bK0U0

hn

r2
0

r2
2 Õ r2

1 centration. The square point on both graphs corresponds
to the selective re� ection wavelength of the BL131a/

3 P t1

0
CexpA Õ

r2
1

R2B Õ expA Õ
r2
2

R2BD BL130/BAAB mixture under investigation. The re� ection
wavelength is close to the value measured in a 75/25
mixture of BL131a/BL130. It is evident from the � gure

3 exp At Õ t2
tc

B dt (7 ) that there are concentrations of cis-isomers for which
the re� ection wavelength becomes smaller than the

where R2 5 r2
0 1 4D(t1 1 t2 ) Õ 4Dt. Equation (7) allows re� ection wavelength in the pure chiral nematic. It has

the relative average amount of cis-isomers N(r1 , r2 ) 5 been reported previously that a dye-doped cholesteric

7 N
cis 8 /N0 in each concentric domain to be calculated. system exhibited a dP/dT > 0 with the dye in the pure

N0 , the amount of azo moieties per unit volume, can trans-form, but a negative dP/dT with the dye in the
be estimated according to the formula N0 5 CNA r/M, pure cis-form [19]. It would appear that in the material
where C is the concentration of the azo moiety, NA is reported here, the cis-isomers also induce a negative
Avogadro’s number, r is the density (1 g cm Õ 1 ) and M variation of pitch with temperature, and, given the large
is the molar mass (approximately 300 g molÕ 1 ). N0 is shift observed, the incorporation of a few wt % of
then equal to 2.2 3 1019 cm Õ 3. Figure 5 (a) shows the cis-isomers in the mixture brings about considerable

disordering of the cholesteric structure.dependence of the re� ection wavelengths measured from

Figure 5. Variation of the re� ection wavelength (a) with respect to the relative concentration of cis-isomers 7 N
cis 8 /N0 in the

doped system, and (b) with the concentration of the nematic component BL130 in the undoped BL131a/BL130 mixture. The
square point corresponds to the BL131a/BL130/BAAB mixture.
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25Concentric colour domains in a Ch L C mixture

Further evidence that the light-induced change in {(39, 40, 41); (36, 37, 38); (33, 34, 35); (21, 32, 33);
(29, 30, 31); (27, 28, 29)}; the numbers correspond tocholesteric pitch in the BL131a/BL130/BAAB mixture

is due to cis–trans isomerization of the BAAB molecules, the domains in order, starting from the central spot and
progressing outwards and the spread in number takesrather than heating phenomena, can be deduced as

follows. The behaviour of the pure BAAB mixture under account of the accuracy with which lp is determined.
Taking into account the accuracy of the re� ectionexcitation with Ar+ laser radiation has been studied in

our previous work [17, 22]. BAAB is characterized by wavelength measurement, the number of pitches in
neighbouring domains nh varies by approximately 1.an intense trans–cis isomerization, which results in the

reduction of an order parameter and formation of an
isotropic area in the region of irradiation. In the nematic 5. Conclusion
BAAB mixture, the possibility that the isotropic area This investigation has shown that, by using a low
was of thermal origin was eliminated as follows. Firstly, power Ar+ ion laser (<1 mW) to irradiate a chiral
the laser-induced isotropic region remained after cooling nematic/nematic BL131a/BL130/BAAB mixture (which
the cell in a refrigerator, spreading throughout the cell has a relatively temperature-independen t helical pitch in
after irradiation was complete. Further, the characteristic which dP/dT > 0), it is possible to induce an isothermal
times for thermal diŒusion, tD , and mass diŒusion of the phase transiton and to reduce the helical pitch by
isomers in the mixture BL131a/BL130/BAAB can be varying the cis-isomer concentration. Radial diŒusion of
estimated by using the equation tD # r2 /p2D [23], where the cis-isomers from the excitation region leads to the
r is the distance between the centre of the illumination formation of several concentric coloured domains, with
area and the boundary of the largest colour domain the helical pitch being progressively longer away from
(~825 mm) and D is the corresponding diŒusion coeffi- the irradiation region. A formula has been derived for
cient. We assume the value D# 10 Õ 3 3 cm2 sÕ 1 for thermal the average concentration of cis-isomers in the domains
diŒusion and D# 10 Õ 6 cm2 s Õ 1 for mass diŒusion of the based on the solution of the diŒusion equation which
isomers [23]. Then the characteristic thermal diŒusion explains the data presented.
time is equal to 0.7 s, and the mass diŒusion time is
equal to 70 s. Given the time scale of the experiments
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