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We apply experimental technique based on the combination of methods dealing with principal refractive
indices and absorption coefficients to study the photoinduced three-dimen@bhalrientational order in the
films of liquid crystalline(LC) azopolymers. The technique is used to identify 3D orientational configurations
of transazobenzene chromophores and to characterize the degree of ordering in terms of order parameters. We
study two types of LC azopolymers which form structures with preferred in-plane and out-of-plane alignment
of azochromophores, respectively. Using irradiation with the polarized light of two different wavelengths, we
find that the kinetics of photoinduced anisotropy can be dominated by either photoreoriefitatiiar
redistribution oftrans chromophoresor photoselectiofiangular selectiverans-cis isomerization mechanisms
depending on the wavelength. At the early stages of irradiation, the films of both azopolymers are biaxial. This
biaxiality disappears on reaching a state of photosaturation. In the regime of photoselection, the photosaturated
state of the film is optically isotropic. But, in the case of the photoreorientation mechanism, anisotropy of this
state is uniaxial with the optical axis dependent on the preferential alignment of azochromophores. We formu-
late the phenomenological model describing the kinetics of photoinduced anisotropy in terms of the isomer
concentrations and the order parameter tensor. We present the numerical results for absorption coefficients that
are found to be in good agreement with the experimental data. The model is also used to interpret the effect of
changing the mechanism with the wavelength of the pumping light.
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I. INTRODUCTION low-molecular-weight LC$11].
It is commonly accepted that the macroscopic anisotropy
Azobenzene and its derivatives have attracted much attemletected in optical experiments reflects the microscopic ori-
tion over the past few decades because of a number of fagntational order of polymer fragments which is mainly deter-
cinating features of these compounds. They were initiallynined by the order of azochromophorestians configura-
used in preparation of paints, because of rich spectrum dion. There are two known phenomena underlying the
colors that can be obtained depending on the chemical struprocess of orientational ordering of the azochromophdggs:
ture of azochromophores. Further investigations revealedtrong absorption dichroism of azobenzene groups that have
strong photochromism(photomodification of colgr of  the optical transition dipole moment approximately directed
azobenzene derivatives. It was found that this effect imalong the long molecular axigh) photochemically induced
azobenzene derivatives can be accompanied by a novel phigans-cis isomerization and subsequent thermal and/or pho-
nomenon that is known as photoinduced optical anisotropyochemical cis-trans back isomerization of azobenzene
(POA) and can be detected in dichroism and birefringencemoieties.
measurementgl]. It means that the rate of the photoinduced isomerization
The discovery of POA opened up a new chapter in thestrongly depends on orientation of the azobenzene chro-
studies of azobenzene compounds. Neporent and Stolbovaophores relative to the polarization vector of actinic light
[2] described POA in viscous solutions of azodyes, therE. The fragments oriented perpendicular Eoare almost
Todorov and co-worker3] disclosed the same phenomenoninactive, whereas the groups with the long axes parallé to
in azodye-polymer blends. The anisotropy induced in thesare the most active for isomerization.
systems is rather unstable. The stable POA was observed There are two different regimes of the photoinduced or-
later on in polymers containing chemically linked azochro-dering. These regimes are usually recognized as two limiting
mophoreqazopolymers[4]. It turned out that stable anisot- cases related to the lifetime ofs isomers under irradiation,
ropy can be induced in both amorphous and liquid crystallineand were theoretically considered in Rdfs2,13.
(LC) azopolymers[4—10Q. The efficiency of POA in LC If cisisomers are long living, the anisotropy is caused by
azopolymers is generally much higher than it is for amor-angular selective burning of mesogetiansisomers due to
phous homologs. For example, the photoinduced birefrinstimulated transitions to nonmesogenis form. The transi-
gence can be as high as (B3] that is a typical value for tion rate is angular dependent, so that thens azochro-
mophores normally oriented 6 are the least burned. This
direction will define the axis of the induced anisotropy. This
*Email address: olegyar@iop.kiev.ua regime of POA is known as the mechanism of angular hole
TEmail address: kisel@elit.chernigov.ua burning (photoselection
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In the opposite case of short-livings isomers, the azo- In our previous studiefl0,15,18, we were mainly con-
chromophores are excited many times during the POA gencerned with the effects related to the peculiarities of azopoly-
eration period. Thesgans-cis-transisomerization cycles are mer self-organization, which, in addition to the symmetry
accompanied by rotations of the azochromophores that terakis defined by the light polarization, affect the light-induced
to assume orientation transverseBaand minimize the ab- 3D ordering. The combination of methods described in Ref.
sorption. Nonphotosensitive groups can be involved in th¢18] was found to be an experimental technique particularly
process of reorientation due to cooperative moti6iL4]. suitable to characterize light-induced anisotropy of orienta-
This regime is referred to as the photoreorientatangular  tional structures in azopolymer films. We have investigated
redistribution mechanism. these structures depending on the polarization state of the

From the above it might be concluded that, whicheveractinic light[10] and on the molecular constitutiqi5]. It
mechanism of the ordering is assumed, the exciting lightvas additionally found that the kinetics of POA involving
causes preferential alignment of azobenzene chromophorésth uniaxial and biaxial structures can be theoretically de-
along the directions perpendicular to the polarization vectoscribed by using the phenomenological approach suggested
of the actinic light. In three-dimension&BD) space, these in Ref.[18].
directions form the plane normal t6. It can be expected In this work, we concentrate on the features of the 3D
that the angular distribution of azochromophores in thisorientation determined by the above discussed mechanisms
plane is isotropic. From the experimental results, howeverpf the photoinduced ordering. The different regimes of POA
this is not the case. The uniaxial ordering with strongly pre-are realized experimentally by choosing appropriate poly-
ferred in-plane alignment was observed in R¢19,15. In  mers and irradiation conditions. There are two azopolymers
addition, it was found that the photoinduced orientationalof different structure used in this study and the optical an-
structures can show biaxialify,10,16—-18 isotropy was induced by irradiating the samples at two dif-

This implies that actually the system is not sphericallyferent wavelengths. We find that the regime of POA in one of
symmetric in the absence of light and some of the aboveéhe polymers strongly depends on the wavelength of the ex-
directions are preferred depending on a number of additionaliting light, whereas the other presents the case in which
factors such as irradiation conditions, chemical structure oPOA is governed by the photoreorientation mechanism re-
polymers, surface interaction, etc. These factors combinedardless of the wavelength.
with the action of light may result in a large variety of ori-  We show that the experimental results can be interpreted
entational configuration&niaxial, biaxial, splayedcharac- on the basis of the phenomenological model describing the
terized by different spatial orientations of the principal axeskinetics of POA in terms of angular redistribution probabili-

In the past years, this spatial character of the photointies and order parameter correlation functions. This model
duced anisotropies has not received much attention and, untan be deduced by using the procedure of Rdf8,31] and
recently, it has been neglected in the bulk of experimentais found to give the results that are in good agreement
and theoretical studies of POA in azobenzene containingvith the experimental data. We also apply the model to
polymers[4,12—14,19—2}1 On the other hand, the problems calculate the out-of-plane absorbance that cannot be directly
related to the 3D orientational structures in polymeric filmsestimated from the results of measurements in the regime of
are currently of considerable importance in the developmenphotoselection.

of new compensation films for liquid crystal displaj25] The paper is organized as follows. Section Il contains the
and the pretilt angle generation by the use of photoalignmendetails on the combination of null ellipsometry and absorp-
method of LC orientatiori26]. tion methods used in this study as an experimental proce-

The known methods suitable for the experimental study oflure. The experimentally measured dependencies of birefrin-
the 3D orientational distributions in polymer films can be gence and absorption dichroism on the illumination doses are
divided into two groups. presented in Sec. Ill. We draw together these results to un-

The methods of the first group are based on absorptioambiguously identify the anisotropy of the orientational
measurements. These methods have the indisputable advatructures induced in azopolymer films and to measure the
tage that the order parameters of various molecular groupsrdering of azochromophores through the absorption order
can be estimated from the results of these measuremenisarameter. Anisotropy of the initial structures and of the
Shortcomings of the known absorption metho27]  structures in the regime of photosaturation is found to be
are the limited field of applications and the stronguniaxial in both azopolymers. At the early stages of irradia-
approximations. tion, the transient anisotropic structures are biaxial. It is

The second group includes the methods dealing with prinshown that under certain conditions, the regime of the kinet-
cipal refractive indices. Recently, several variations of theics of POA can be changed with the wavelength of the pump-
prism coupling methods have been applied to measure thieg light. We also discuss thermal stability of the photoin-
principal refractive indices in azopolymer film{28-30. duced anisotropy and experimental estimates of the
These results, however, were not used for in-depth analysishotochemical parameters needed for theoretical calcula-
of such features of the spatial ordering as biaxiality and spations. In Sec. IV, we describe the theoretical model formu-
tial orientation of the optical axes depending on polymerlated by using the phenomenological approach of Refs.

chemical structure, irradiation conditions, etc. [18,31. We discuss the physical assumptions underlying the
Our goal is a comprehensive investigation of the pecumodel and make brief comments on the derivation of the
liarities of 3D orientational ordering in azopolymers. kinetic equations for the concentrations of isomers and the
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@ () FIG. 2. uv-visible absorption spectra of polymer films.

FIG. 1. Chemical structure of polymer&) PolymerP1, (b)
polymerP2. obtained films were kept at room temperature over 1 day for

evaporation of the solvent. The thickness of the filiahsof

order parameter tensor. In Sec. V, we present numerical rebout 200—600 nm was measured with a profilometer. The
sults for the absorption coefficients and the order parameter

R-visible spectra of the films measured by silicon array
in relation to the irradiation dose calculated by solving the . B
equations of the model. We compare these results with thgpectromete(OceanOptlgs_, Ing.are presepted n Fig. 2. lt.
experimental data and comment on the predictions of th an be sefn that the position of the most intensive absorption
model concerning biaxiality effects, stability, and the re-Pand (m7* band of azobenzene chromophodepends on
gimes of POA. Finally, general discussion of our results andn€ end substitute of the chromophore. The wavelength of the

some concluding remarks are given in Sec. VI. maximal absorptionh max, for polymerP1 containing chro-
mophore with push-pull properties is shifted to the red as

compared to\ ,,, for P2.

The anisotropy in the films was induced under irradiation
from two different sources of light with different wave-

The chemical formulas of two azopolymers used in ourlengthsi., and intensities:
experiments are presented in Fig. 1. The details on the syn- (1) An Ar™ laser with\ .,= 488 nm and =0.7 Wi/cnf.
thesis of polymer$1 andP2 can be found in Ref32] and (20 A mercury lamp with \e,=365nm and |
in Ref.[33], correspondingly. The polymers were character-=1.5 mWi/cnf. In this case, the light was selected by an
ized by elemental analysis and 1H nuclear magnetic resanterference filter and polarized with a Glan-Thompson po-
nance spectroscopy. Molecular weight of the polymers wasarization prism.
determined by gel permeation chromatography. The average The wavelengths 365 nm and 488 nm fall inter* and
molecular weights ofP1 and P2 are estimated at 13500 n#* absorption bands of azopolymers, respectively. In both
g/mol and 36000 g/mol, respectively. Both materials arecases, the films were irradiated at normal incidence of the
comblike polymers with azobenzene fragments in side chainactinic light. The irradiation was carried out in several steps
connected by flexible alkyl spacers to the polymer backbonefollowed by studies of the orientational structure. The result-
The azobenzene chromophore of polyrRdr contains polar ing time of irradiation was calculated by adding irradiation
NO, end group that has strong acceptor properties. Thémes of all irradiation steps assuming accumulation of the
azobenzene chromophore of polynR& contains hydropho- structural changes. The time interval between irradiation and
bic alkyl tail OC,Hg. The phase transitions in the polymers structural studies was about 15 min. The reason for time
were investigated by differential scanning calorimetry anddelay between these processes will be discussed below.
polarization microscopy. Both azopolymers are found to pos-
sess liquid crystalline properties in the respective tempera-

;lgehfgézn;itiﬂytmthttx r;nrztirrr;e(;g?]zggd42irgelt|502r?g- a Instead of the prism coupling methods commonly used for
P P r{ﬂe estimation of principal refractive indices, we applied null

52°C-55°C, respectively. Polym@2 has a nematic me- ellipsometry techniqué34] dealing with birefringence com-
sophase within the temperature interval 112°C-140°C, P y techniq g wit gen
: ponents. By this means we have avoided some disadvantages
Both polymers are solids at room temperature. . . :
of the prism coupling method such as the problem of making
optical contact between the prism and the polymer layer.
The optical scheme of our method is presented in Fig. 3.
The polymers were dissolved in dichloretane up to con-The polymer film is placed between crossed polarizer and

centration 3 wt% and spin coated on the quartz slides. Thanalyzer and a quarter wave plate with the optic axes ori-

Il. EXPERIMENTAL PROCEDURE

A. Polymers

C. Null ellipsometry method

B. Sample preparation
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FIG. 3. Null ellipsometry setup.

He-Ne Laser

ented parallel to the polarization direction of the polarizer. We conclude on the alignment of the azobenzene frag-
The light beam, whose wavelength is far away from the abments from the obtained values oh/(-n,)d and (,
sorption band of the polymer, is passing through the optical-Nx)d, assuming that the preferred direction of these frag-
system. The elliptically polarized beam passing through thénents coincides _With the direction of the Iargest_ refractive
sample is transformed into the linearly polarized light byindex. More details on the method can be found in our pre-
means of the quarter wave plate. The polarization plane ofious publication10]. ,

this light is turned with respect to the polarization direction " Our setup designed for the null elipsometry measure-

of the polarizer. This rotation is related to the phase retardgMents: we used a low power He-Ne lasar<(632.8 nm),

tion acquired by the light beam after passing through the fil \r,\é?nG(I;ir:a-lT gg:nps;)n Sgrl?enrzv?/:vcrenolﬁéeﬁ(;)r: ?éiﬁ'g:gl ssct;?:ggne_s
under investigation. It can be compensated by rotating th P ad P

analyzer by the angleb that encodes information on the ific, and a sample holder mounted on the rotational stage.

h tardati d the in-ol tardati qi The light intensity was measured with a photodiode. The
phase retardation an € in-plane retaraatiog (n,X) s setup was automatically controlled by a personal computer.
\ ¢/180, wheren,, ny, n, are the principal refractive indi-

: ) ' The rotation accuracy of the analyzer was better than 0.2°.
ces of the film and\ is the wavelength of light.

This method used for the normal incidence of the testing
light is known as the Senarmont technique. It is suitable for o ) )
the in-plane birefringence measurements. The uv-visible absorption measurements were carried out

Using oblique incidence of the testing beam, we have/Sing a diode array spectrometdOceanOptice The
extended this method for estimation of both in-plamg samples were set normally to the testing beam of a deuterium

—n, and out-of-plane,— n, birefringences. In this case, the lamp. A Glan-Thompson prism mounted on a computer-

angle ¢ depends on the in-plane retardatian, ¢ n,)d, the driven stepper was used to control the polarization of the

oy . - testing beamk; .
out-of plgne.retardatmnﬂ(z . nx')d, 'and the absolute value of The uv spectra of both original and irradiated films were
a refractive index of the biaxial film, sag,.

measured in the spectral range from 250 nm to 600 nm for

We need 0 have the I|ght coming out of the quarter WaVehe probing light linearly polarized along theandy axes.
plate almost linearly polarized when the system analyzes th rom these data, the optical density compon@ntsand D
' y

phase shift between two orthogonal eigenmodes of thg/ere estimated at the absorption maximum of azochro-

sample. In our experimental setup, this requirement can b ~ .

met, when thex axis, directed along the polarization vector E?:rphglre:]g‘rt;;)m nm (for polymer P1) andX,=343 nm

of the actinic light, is oriented horizontally or vertically. De- Inp gneral i is difficult to estimate the out-of-olane ab-

pendencies of the analyzer rotation anglen the incidence 9 o i piar
sorption coefficientD,. This, however, can be done in the

angle of the testing beam were measured for both vertical regime of POA where the fraction ofsisomers is negligible

and horizontal orientations of theaxis. The value oh, was (the photoreorientation mechanisty using the method

measured with the Abbe refractometer independently. : 7
: , - _ proposed in Refd8,36]. The key point is that the sum of all
By using Berreman’s % 4 matrix method 35], the 6 de the principal absorption coefficient® o= Dy+ D+ D,

pendencies ofp were calculated. Maxwell's equations for : L : . .
. : .___does not depend on irradiation doses. So, if the anisotropy is

the light propagation through the system of polarlzer,knOWn to be uniaxial at time, with either D (tg) = D,(to)

sample, and quarter wave plate were solved numerically for 0 X0 A

the different configurations of optical axes in the samples.Or Dy(to) =Dx(to), this will yield the relation

D. Absorption method

The measured and computeédversusf curves were fitted in D.(t-)+ 2D.(t A
the most probable configuration model using the measured Dyo;=D,+D,+D,= y{to) (o). n°”?y' (1)
value ofn,. Y Dx(to) +2Dy(to), nyle,,
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T T >n,=n,. So, the film of polymerP2 is a positive uniaxial
Zo-w 17 3 20 medium with the optical axis normal to the film surface
: I B - [positiveC film shown in Fig. %b)] and the azobenzene frag-
10l eeo-o0-000%, || Jd1o ments oriented homeotropically.
~ (a) g (b) 1 %
§ ol -..._._._._._._.1:, 1L do § B. Irradiation at A¢,=365 nm
. Tt o 1 < 1. Polymer PL
2’
V- Se0g o o002 [ 10 The curves 2 and 2in Fig. 4a show the measureg
- VU= i . versusd curves for polymerP1l after 60 min of uv light
200 Y| pemm o8 1, irradiation. Curves 2 and'2correspond to the vertical and
T T horizontal positions of the axis of the film. Since negative
60 -40 20 0 20 40 60 -60 -40 -20 O 20 40 60 and positive phase shifts 8&=0 correspond to thg axis in
0 (deg) 0 (deg) P P p

the horizontal and vertical directions, respectively, the higher

FIG. 4. Measuredcircles and squargsand modeled(solid  IN-Plane refractive index is, (i.e., in the direction perpen-
lines) curves for the analyzer anglg vs the incidence angle for  dicular to uv light polarizationand the lower one is,.
polymer P1 (a) and polymerP2 (b). Three cases are show(a) Curve fitting gives the following relation between the refrac-
nonirradiated films(curves 1 and 1); (b) photosaturated films at tive indices:n,—n,=0.2 [(n,—n,)d~40 nm|, (n,—n,)d
Nex=2365 nm and =1.5 mW/cn? (curves 2 and 2); and(c) pho- =0 nm,n,>n,=n,. So, the photomodified film is optically
tosaturated films ak,,=488 nm and =0.7 W/cn? (curves 3 and equivalent to the positivé plate having optical axis in the
3'). The data labeled 1, 2, 3 and,12’, 3’ are for thex axis of the ~ plane of the film[Fig. 5(c)]. In this case, the azobenzene

films in the vertical and horizontal positions, respectively. fragments show planar alignment perpendicular to the uv
light polarization.
wheren, is the optical axis an@, is theith coordinate unit The fitted values of the in-planen{—n,)d, and out-of

vector. The out-of-plane componeB, can now be com- Plane, fi;—n,)d, retardation forP1 corresponding to vari-
puted from Eq.1). In addition, we calculate the absorption ous irradiation timesre, are presented in Fig.(8. The in-

order parameters® defined by the expression plane. birefringence increases and saturates as 'ghe irradigtion
time increases, whereas the out-of-plane birefringence is a
@ 2D;—D;— Dy decreasing function of the irradiation time and the difference
a)__ H H . . . .
, —Z(DX+ D,+D,)’ i #j#k. 2 betweem, andn, becomes negligible in the saturation state.

At the early stages of irradiation, all the refractive indices are
different, n,<n,<n,, and the film is biaxial. In the satura-
tion state, the relatiom,>n,=n, implies that the ordering
of azobenzene chromophores is uniaxial.

Figure &b) represents the results of the absorption mea-
surements foP1 film before irradiation and after subsequent
irradiation steps. In accord with the null ellipsometry results,
. EXPERIMENTAL RESULTS after irradiationD,, is aboveD, and the azochromophores
are aligned along thg direction that is perpendicular te.

_ . The curved,(e,) andD,(7e,) are typical of the photo-
Figure 4a) shows the experimentally measured curves ofreorientation mechanisfii2,13. In this case, the fraction of
the analyzer angle versus the incidence angtefor poly-  cisisomers is negligible and the out-of-plane absorption co-
mer P1. The curve 1 corresponds to the nonirradiated film.efficient D, depicted in Fig. &) can be estimated by using
The curves measured for the vertical and horizontal positiongq. (1) to calculateD,,, in the photosaturated state where

of the x axis overlap. This implies that the in-plane principal p($Y=p (Y Figure Gc) shows the absorption order param-
indicesn, andny are matched. The film, however, possesse%terssl(a) computed from expressiof®).

the out-of-plane birefringence. The fitting gives the value
(n,—n,)d=—20 nm. Using the value of the film thickness
d=200 nm, we haven,—n,=—0.1 and the relatiom,
=n,<n, that suggests preferred in-plane alignment with The curve 2 in Fig. ) shows the measuredl versus¢
random orientation of azobenzene fragments in the plane dtinction for the film of P2 irradiated with uv light over 60
the film. Optically, this structure corresponds to the negativemin. The curves corresponding to the vertical and horizontal
C plate depicted in Fig. ®). positions of thex axis of the film overlap. The fitting gives
Figure 4b) shows the measured@ versusé curves for  n,=n,=n, and, thus, the angular distribution of azobenzene
polymerP2. The results obtained for the nonirradiated film chromophores is isotropic.
(curve 1 imply that, similar to polymerP1, the in-plane Figure 7a) shows the fitted values oh(—n,)d and (,
birefringence is negligibly smaln,,=n,—n,~0. Butthe = —n,)d, obtained for various irradiation times &2. The
film is now characterized by a positive out-of-plane birefrin- dependencies ofi(,—n,)d and (n,—n,)d on the irradiation
gence: (0,—n,)d=35nm @An,=n,—n,~0.09) andn, time go through the maximum and saturate at large irradia-

In Sec. V, we find that in the regime of photoreorien-
tation, the parameters(a) are proportional to the diagonal
components of the order parameter tensor toéns
azochromophores.

A. Nonirradiated films

2. Polymer P2
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FIG. 5. Ellipsoids of refractive indices for nonirradiated and photosaturated polymer ¢@nisonirradiatedP2 polymer withn,>n,
=n,; (b) nonirradiatedP1 polymer withn,<n,=n,; (c) photosaturateé®1 polymer withn,>n,=n,; (d) photosaturate®2 polymer at
Nex=365 nm withn,=ny=n,; (e) photosaturate®2 polymer at\,,=488 nm withn,<n,=n,.

tion doses. At the initial irradiation stagg>n,>n, and the C. Irradiation at Ae,=488 nm
film is biaxial. In the photosaturated statg,=n,=n, and,
as is illustrated in Fig. &), the film is isotropic.

The experimentally measured®,(7.,) and D(7ey)
curves are shown in Fig.(B). Both curves decrease with
increasing irradiation dose_z. This behav_ior is_typical of theprincipal refractive indices i,>n,~n,. So, the induced
mechanism of photoselecti¢a2,13. In this regime, the ex- e ntational configurations do not differ and correspond to a
citing light will cause angular selective depopulating of the niaxial in-plane alignment with the optical properties of a
trans state, so that the fraction ¢fans isomers rapidly be-  positiveA plate. On the other hand, the value of the in-plane
comes smaller with illumination time. This process—the so-retardation 0,—n,)d is considerably higher than it is for
called angular selective burning—dominates the kinetics of\ =365 nm and reaches 60.

POA and gives rise to diminution of both absorption coeffi- The (hy—n,)d and (,—n,)d versusre, kinetic curves
cientsD, andD,. The isotropy of the photosaturated statefor the film and irradiation conditions under consideration
then can be explained by negligibly small concentrations ofre presented in Fig.(8. The results are qualitatively simi-
transchromophores at large irradiation doses. This point willlar to those obtained fox.,=365 nm: biaxial alignment of

be discussed at greater length in Sec. VI. the azobenzene chromophores at the early stages of irradia-

1. Polymer P1

In Fig. 4(a), the curves corresponding to irradiation with
Nex=488 nm (ro,= 300 min) are denoted as 3 and. Simi-
lar to the case wherk.,=365 nm, the relation between the
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FIG. 6. (a) Birefringence,(b) principal absorption coefficients, FIG. 7. (a) Birefringence,(b) principal absorption coefficients,
and (c) order parameter components as a function of irradiationand (c) order parameter components as a function of irradiation
time at\,=365 nm and = 1.5 mW/cnf for polymer P1. time at\ =365 nm and =1.5 mW/cnf for polymerP2.

tion and the uniaxial structure in the photosaturated state/ector E. This is precisely the structure which can be ex-
The Dy(7ex) andD(7e,) curves presented in Fig(td indi- pected from the naive symmetry considerations discussed in
cate in-plane angular redistribution of the azobenzene chro>€c. |. o

mophores and the preferential alignment along the direction The fitting results ,—n,)d and (,—n,)d plotted as
perpendicular tE. In addition, we used Eq1) to compute functions of irradiation timerg, are presented in Fig.(8.

the curve for the out-of-plane componedy(r,,) plotted in The curves converge approaching the_ sa}turated state. The
Fig. 8b). Figure 8b) shows dependencies of the absorptiontrans'e”t photoinduced structures are biaxial.

order parameters on the irradiation time calculated from. TheDX(TeX) andpy(T?X) curves for the case under inves-
Eq. (2). tigation are shown in Fig.(®). In contrast to the case pre-

sented in Fig. ), these curves clearly indicate that the re-
gime of POA is dominated by the photoreorientation
2. Polymer P2 mechanisn12,13. So, the out-of-plane coefficiem, can
The curves 3 and ‘3in Fig. 4(b) show the measurec be estimated by applying the procedure described in Sec.

versusé dependencies for the film &#2 irradiated with the IID to the case in which the known uniaxial structure is

; H_p(sH
actinic light at\.,=488 nm over 300 min. As above, the represented by the state of saturation v@tﬁ D;™. The

curves corresponding to the vertical and the horizontal posi(—:urve DZ(T@K) computed from Eq(1) and @pendgnmgs of
. . , . the absorption order parameters on the irradiation time are
tion of the x axis are labeled 3 and’3 respectively. The

fitting yields (1, —n,)d=(n,—n,)d=60 nm and n,=n, depicted in Figs. @) and 9c), respectively.

>n,. So, the induced orientational structure is uniaxial. The
optical axis of this structure lies in the film plane and is
directed along the polarization vector of the actinic light. The In these experiments, the polymer films were initially ir-
principal refractive index for the optical axis direction hasradiated with nonpolarized uv light Ng,=365 nm, |

the lowest value. The same optical properties possess crystall5 mWi/cnf) for abou 1 h and, subsequently, with the
plate called as negativa plate [Fig. 5(€)]. The negativeA  polarized light from AF laser (=0.7 W/cnf). The first
plate in the case of azopolymer film stands for random ori-step of irradiation does not produce considerable changes in
entation of azochromophores in the plane perpendicular tthe initial structure of polymeP1. The (,—n,)d and (0,

D. The two-step irradiation at A¢,=365 nm andA.,=488 nm

011803-7



YAROSHCHUK et al. PHYSICAL REVIEW E 68, 011803 (2003

6ol . . P S —— g — | :
,,E‘ _______________ 0 3 1
— o E/‘—__ - B R— [ A= £ 1
£ 401 -0 (n.-n)d H = . ]
£ [ o (a) o0 ( , x) | g @) O---g (l‘ly nx)d 5
2 20 o o--a (,n)d || = o (n,n)d ||
£ o p— o ) o g ]
L o | .
200 . L " | " | 1 A | . | , | , |
12‘:6 50 100 150 300 400 500
~ I T T T T — T T
5 & ) g I 72 l © I_
= g e . =
_: -8 D, (expt) 2 58 D_(expt) |
=
8 1 ? (b) o0 D (expt) |+ & o---© D (expt) | |
§ &---0 D, (expt.) 2 ¢----¢ D, (expt)
g [T theory _‘é —— theory —
5 0.5t . 5
_‘8 OO _8 _
< X ol —< < i P 8
0 50 100 150 300 400 500
! [ ! [ ! [ A - T T T T T
. 0.6 o & € O ] o p— o o 5
*§0.4 G----8 Sia)(expt.) - é 0-1 g O----8 Sf:’)(expt.) 7]
£0.2 (© o0 S (expt) | g () 0--0 8 (expt) |]
g : @ E 3-0.1 X (@ N
. -0 Sz (expt.) || 5 0.2 -0 Sz (expt.) | 1
() -0. .
'E —— theory b e —— theory E
Q-0. — ©-0.3 — ]
X - ? P— T 1 0.4 PR = S
0 50 100 150 0 100 200 300 400 500
Time (min) Time (min)
FIG. 8. (a) Birefringence,(b) principal absorption coefficients, FIG. 9. (a) Birefringence,(b) principal absorption coefficients,
and (c) order parameter components as a function of irradiationand (c) order parameter components as a function of irradiation
time at\ o,=488 nm and =0.7 W/cnt for polymerP1. time at\ .,=488 nm and =0.7 W/cnt for polymerP2.

azobenzene chromophores enhanced after the treatment at
temperatures of both nematic mesophase and isotropic phase.
For instance, baking d?2 film at 150 °C over 5 min led to

the increase in birefringence froomd—ny,)d=35 nm to

—n,)d versusr,, kinetic curves obtained for the second step
of irradiation are very close to those obtained for irradiation
with only \.,=488 nm[see Fig. &)].

After the first step of uv irradiatiorR2 film was optically
isotropic. But similar to the case of the one-step irradiation a(ne_ no)df55 nm. .
Nex=488 nm, the subsequent irradiations have generated the The_ curing 0;P1 f|Ir?s”at thg Lemperlgturgs of nematic and
anisotropy of a negativéA film. The corresponding smectic mesophases followed by cooling down to room tem-

—n,)d and (hy—n,)d versus e, kinetic curves are pre-

sented in Fig. 10. It is seen that preirradiation with uv light 60 ' ! ' '
strongly accelerates formation of the saturated structure as i a |
compared to the case of the one-step irradiafieee Fig. 50 ___,::—E:-::::':=="::“‘""”"“‘" .
9(a)]. But for bothP1 andP2 films, this structure in itself is - .
not affected by preirradiation. Thus, the structure is com- ~ a0l5© g--g (n-n)d |-
pletely determined by the last step of irradiation. E T (ny n")d |
N’ G__.o -
N . < 30 S B
E. Thermal stability of the photoinduced structures = } |
At room temperature, we have not detected any changes é’ 20 1_ i
in the ordering of nonirradiated films for several weeks. The
photoinduced uniaxial and biaxial anisotropies, formed in 1
polymer films after switching off the exciting light, persisted 10 7]
over the same period of time. - 1
We have also studied the influence of the elevated tem- 03 5'0 : 1(')0

peratures on the orientational structures. The baking of the
nonirradiatedP1 films at temperatures of mesophases and
isotropic phase did not change considerably the initial order. FIG. 10. Birefringence vs irradiation time for the preirradiated
In contrast, P2 films had the out-of-plane alignment of polymerP2 (see discussion in Sec. Il)D

Time (min)
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perature destroys biaxiality of the photoinduced structureghromophores reducing the uv absorption. This out-of-plane

and enhances the uniaxial anisotropy. Similar effects we
observed at the short tim@bout 5 min curing in the isotro-

reeorientation, however, cannot be effective in polyridr,
which shows strong preference to in-plane reorientation. For

pic state at 70 °C. In this case, the prolonged curing causepolymer P2, the out-of-plane reorientation of azochro-

the disappearance of the induced anisotropy.

mophores has been additionally checked by the absorption

The curing of P2 films at temperatures of nematic and measurement at the oblique incidence of testing beam. An
isotropic phases transformed the structure of negativéncrease in the polymer absorption at 343 nm under uv irra-

uniaxial medium into the positive uniaxial configuration with

diation has not been detected. Thus it is safe to assume that

the azochromophores aligned perpendicular to the filnthe observed relaxation can be solely attributeditetrans

substrate.

F. Photochemical parameters

thermal isomerization.

2. Absorption cross sections

There are a number of parameters used in subsequent cal- The above mentioned photoinduced reorientation accom-
culations for theoretical interpretation of the experimentalP@nying photochemical process makes it extremely difficult
results. In this section, we dwell bneﬂy on the experimenta]to estimate the coefficients of the molecular extinction in

results used to estimate the lifetime of tieform, 75, and
the absorption cross sections of isomerS'® and o(ra"9),

1. The lifetime of cis isomers

The lifetime 75 of cisisomers was estimated by studying

the relaxation of uv spectrum modified by irradiation with

nonpolarized light ak .,=365 nm. The pumping and testing
lights were directed almost normally to the film. The wave

length of the nonpolarized testing light was adjusted at the
maximum of w#* absorption band of the studied polymer

(375 nm and 343 nm for polymeRl andP2, respectively.

polymer films. For this purpose, we applied the method well
known for polymer solution$39]. Both polymers were dis-
solved in toluene at concentrationx30 2 g/l. The uv-
visible spectra of the polymer solutions were measured be-
fore and during irradiation. In the latter case, the solutions
were in the photosaturated state. Each spectrum was decom-
posed into three components of the Gaussian shape denoted
asDP(\), DY(N), andDP(\) in the expression

DO =DE(N)+DP(N)+DP(), (4)

where the index labels the spectra of the nonirradiated (

Temporal evolution of the absorbance after switching offzo) and the irradiated solutiori €1). The first two terms

the pumping was measured. The curves then were fitted
using the two-exponential approximation taken in the follow
ing form:
y(t):y0+Ale_t/Tl+A2e_t/72. (3)

For polymerP1, we haver;=1.2 s andr,=1.3 min with
A;/A,~5.3. The relaxation curve obtained for polynfe2
is fitted well by Eq.(3) at 7,=2.6 min, 7,=440 min, and
Al /A2N013

In the case of polymelP1, relaxation is dominated by the

fast component that corresponds to the largest amplitude and

can be attributed tgis-trans backward isomerization of the
chromophores trapped in a strained conformafi®n. The

lifetime can now be estimated as a decay time for the bulk of

cis isomers to yieldr.;s~1.2 s.

The origin of slower and less pronounced component

could be caused by thermals-trans isomerization of the
other fraction of azobenzene moieties, which are strong

B%n the right-hand side of Eq4), D{)(A) andDP()), can
"be assigned tarm* absorption ofcis and trans isomers,
respectively. The last ter®()(\) corresponds tm=* ab-
sorption where the contributions froois andtrans isomers
cannot be separated.
We can now relate the componeri§” andD{’ to the
w* absorption cross sections of isomers,(,f's) and
(trans) " and the concentrations of isome@&!) . andC{.
in the nonirradiated film i=0) and in the photosaturated

(i=1) state as follows:
D\ =dChna I N), (52
DY) =dCaFI), (5b)
c=c +cli  i=01, (50)

thered is the cell thicknessC is the experimentally mea-

restricted in their molecular dynamics by the polymer matrix.Sured total concentration of the diss(o!ved molecules. Solving
. . . . . H H a

Their reaction requires a stronger reorganization of the polySystem(S) yields the cross sections,” and the concentra-

mer film [38]. Since the waiting time in our experiments was tionsCY) (a=trans,cis) which can be further employed to

about 15 min, we can safely assumea@d isomers in poly-
mer P1 relaxed back to th&ransisomeric form.

For polymerP2, the largest contribution comes from the
slowest component with,=440 min. This time gives an
estimate for the lifetime otis isomers,7.;s~440 min.

There is a difficulty in estimating,;s with this method. In

determine the absorption cross sectiorﬁs) in the overlap-
ping nm* absorption bands of isomers from the relation

0 ©)

D)= (oAt oiF9Ce

The average absorption cross sectiontm@ns isomers

addition totrans-cis photoisomerization, the uv spectrum can o™ and the cross section afis isomerso{®® at the
also be influenced by photoreorientation. The nonpolarizetvavelengthx can now be computed as a sumodf’(\) and
light may cause the out-of-plane reorientation of azobenzeneg“’()\). The resulting estimates for the absorption cross sec-
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TABLE I. Photochemical parameters. The last entry gives the paramdtem Eq. (22) with vy,
Ocis» @ndQyans defined in Egqs(11) and(13). This parameter determines the regime of P@ée discussion

in Sec. V.
PolymerP1 PolymerP2
Nex (NM) 365 488 Nex (NM) 365 488
I (mwW/cn?) 1.5 700 I (mwW/cn?) 1.5 700
a{®® (1071° cn?) 24.8 0.8 (¢ (1071 cn?) 6.0 1.1
ol1rans)y g (cis) 5.6 0.47 ol1ran9) 5 (cis) 57.0 0.2
of(ran9 g{!rand 6.95 36.2 of[r"9 g{rand 9.4 39.6
q)cis—»trans (%) 10 10 q)cis~trans (%) 5 10
q)tranSHCis (%) 10 10 q)transﬁcis (0/0) 10 10
(7cis+qcis|)/(QIransl) 623.4 2181 6’cis+QCis|)/(Qtransl) 0.03 69.1
tions of the polymers calculated at the wavelengths of the dN,, L .
exciting light are given in Table I. it :f [W(a,n|B,n")Ng(n',t)
—W(B,n'|a,n)N(n,t)]dn’
V. MODEL (B,n"|a,mN,(n,1)]
Theoretical considerations of this section deal with the +7a[Na(t)f Fa_p(ﬁ,ﬁ’)fp(ﬁ’,t)dﬁ’
kinetics of POA that determines how the amount of photoin-

duced anisotropy characterized by either absorption dichro- R
ism or birefringence evolves in time upon illumination and —N,(n,t)
after switching it off. Below we briefly discuss the simple
phenomenological model describing the kinetics of POA in
terms of the order parameter tensor and the concentrations wherea, 8 e {trans,cis} and the angular distribution func-
azochromophores(More details on the model and the tion fp(ﬁ,t) characterizes the anisotropic field due to inter-
underlying phenomenological approach can be foundction between a side chain fragment and nearby molecules.
in Refs.[18,31].) In particular, this field is affected by collective degrees of
We shall assume that the azobenzene groups in the grourfiddedom of nonabsorbing units such as main chains and de-
state are ofrans form (trans molecule$ and the orientation termines angular distribution of the molecules in the station-
of the molecular axis is defined by the unit vector ary regime. It bears close resemblance to the equilibrium
=(sin@cos¢, sindsing, cosd), where § and ¢ are polar  distribution of the mean field theories of PQ22,23,4Q.
and azimuth angles of the unit vector. Angular distribution of S0, we have the additional subsystem characterized by
the trans molecules at timeé is characterized by the number fp(ﬁ,t) attributed to the presence of long-living angular cor-
distribution  function Nya,(N,t). Similarly, azochro- relations coming from anisotropic interactions between azo-
mophores in the excited state have tigconformation(cis ~ chromophores and collective modes of polymeric environ-

, ¥, €)

molecule$ and are characterized by the functibigi(n, t). ment. For brevity, we _shaII refer to Fhe _subsyst_em as the
Then the number dfrans and cis molecules is given by polymer system and write down the kinetic equation for the
distribution functionf ,(n,t) in the form
Ntrans(t)ENntrans(t)ZJ Ntrans(ﬁat) dﬁ, (7) 5fp(ﬁ,t) (a) “
- yp ()] fp(nt)
a={trans,cis}
Neis(t) =Nngig(t) = f Neis(n,t)dn, 8) - f Tpa(nn)f(n,dn’|. (10

A . . Equationg9) and(10) can be used to formulate a number
— T
where [ dn=J5"d¢/g sin6dg andN is the total number of of phenomenological models of POA and, as is shown in

molecules. The normalized angular distribution functionsp ¢ [31], the results of Refs[14,22—24,40 can be recov-
fo(n,t) of trans(a=trans) andcis (a=cis) molecules can ered by choosing suitably defined angular redistribution
be conveniently defined by the relationN,(n,t) probabilitiesl“ﬁ_a(ﬁ,ﬁ’).

=Nn,(t)f,(n,t). i We can now describe the transition raté4a,n|B,n’)
The kinetic rate equations fdd,(n,t) are taken in the from Eq.(9). The rate oftrans-cis photoisomerization stimu-
following form of master equationd 8]: lated by the incident uv light enters the first bracketed term
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on the right-hand side of Eq9). For the electromagnetic Similarly, the kinetic equations for the angular distribu-

wave linearly polarized along the axis, this rate can be tion functions of isomerd, and of the polymer systerfy,

written as follows[12,41]: can also be derive@31]. It is, however, more suitable to
. . o A describe the temporal evolution of photoinduced anisot-
W(cis,n|trans,n’) =T anscis(MN)Pyans(n’), (11) ropy in terms of the components of the order parameter
tensor{42]
Prrans(M) = (fi0yand) ~*Purans i 0" (NEEF S (A)=2-(3nn;— &) 15
I [} UK

i
(12) Integrating the equations for the angular distribution func-
tions multiplied bySJ(ﬁ) over the angles will provide a set
whereo "2"9(n) is the tensor of absorption cross section forOf €quations for the averaged order parameter components

the trans molecule oriented alongy: o{{"™@"9= {tran9 5, S{=(S(N)a- _ _
+ (Ul(‘trans)_ Gitrans))ninj U= (Gl(ltrans) — g{randy/ g {trans) jg The result for the order parametersois molecules is that

the absorption anisotropy paramet&ip, o« is the photon iqitially isotropic (and equilibrium gngular distribut.ion (.)f.
energy; ® . is the quantum yield of the process and S fragments remains unchanged in the course of irradiation

rolransmels = R and we have no effects due to the ordering kineticsief
Iiranscis(n,n’) describes the angular redistribution of the

molecules excited in theis state;l is the pumping intensi molecules in this modgi31].
u xeited ' ' '(trans) pumping 1 ity The procedure described in REB1] can now be used to

= -1 _ . : . F : .
andq“?ns—(hw”ans) ‘P_UanH.s% L yield the resulting system of kinetic equations for the diago-
Similarly, the rate otis-trans transition is nal components of the order parameter tensor characterizing
trans molecules and the polymer system,

(13 S pes
ntransE = — 2U/3ransl (B/7+ 2NTS=N"S)Nirans— (Veis

=0ransl (1 +U ni),

W(transvﬁ|0i3,ﬁ’)= (7cis+ qcisI )Fcis-trans(ﬁvﬁ’)a

where qcisE(hwtrans)_1(bcisﬂtranso'((:is) and ygjs= 17,

T¢is IS the lifetime ofcis fragments and the anisotropic part + e )NeisSH VirandMirans(Sp—S), (16)
of the absorption cross section is disregarde{l; = o{*'¥
=¢{®9 In the model under consideration, the angular redis- 9AS

tribution probabilitiesI';;anscis @Nd I'cis—irans @re both as- ntransT =2U/30rans! N (2/7+ XS)NiransA S—Neis( Yeis
sumed to be isotropic and equal tort} L.

The last square bracketed term on the right-hand side of + cisl ) ASH YiransNirans(AS,—AS),  (17)
Eq. (9) describes the process that equilibrates the side chain
absorbing molecules and the polymer system in the absence S,
of irradiation. If there is no angular redistribution, then Wz_yp”trans(sp_s)’ (18)
I',,(n,n")=58(n—n’) and both equilibrium angular distri-
butionsf(£9 - and f¢? are equal tcf, . aA

i vy e d e i Sp =~ YpNrans(AS,—AS), (19
Since we have neglected the anisotropycisffragments ot p P

in Eq. (13, it is reasonable to suppose that the equilibrium

distribution of cis molecules is also isotropict,(v,?sq)=fiSO where y,= ,yE)tranS), S=(Sxtrans: AS=(S;y—S;trans:
=(4m) "%, so thatygs=y{"'¥=0. On the other hand, we S;=(S.)p, aNdAS,=(S;y—S,,),-

assume that there is no angular redistribution and the equi- The key point of the approach suggested in R8i] is
librium angular distribution ofransfragments is determined the assumption that the order parameter correlation functions

by the polymer systenf{fd =f,. (correlator$
Equilibrium properties otis and trans isomers are thus . . (trang e(trans)
characterized by two different equilibrium angular distribu- Gij;mn={(Sij(MSnn(M)trans= S = *Stan > (20

tions: fis, andf,, respectively. It means that in our model,

the anisotropic field represented Bydoes not influence the which characterize response of the side groups to the pump-
angular distribution of nonmesogertis fragments. ing light and enter the kinetic equations for the order param-

From Egs.(9), (11), and(13), it is not difficult to deduce eter components ofrans molecules, can be expressed in
the equation fomy,m(t): terms of the averaged order parametgf§"? .

It was shown that the parabolic approximation used in

IMNirans Ref.[18] can be improved by rescaling the order parameter
o (Yeist deis)Neis— (Puans)transMirans,  (14) components{S;;)yrans— M Sii )trans With A= (1+ 0.6\/3—0)/7

computed from the condition that there are no fluctuations

where the angular brackets- - ), stand for averaging over Provided the mol?cules are perfectly aligned along the coor-
angles with the distribution functiofi,. Remarkably, this dinate unit vector : G;;.;;=0 at(S;)yans=1. In Ref.[31],

equation does not depend on the form of the angular redighis heuristic procedure has also been found to provide a

tribution probabilities. reasonably accurate approximation for the correlators calcu-
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lated by assuming that the angular distribution of mesogeniexamined and we can safely neglegtis. If v.s=0,
groups in azopolymers can be taken in the form of distributhe kinetic equations in the absence of irradiation can
tion functions used in the variational mean field theories ofpe easily solved to yield the stationary value &f

liquid CryStaIS[42’43:|'. . . and S|(p) : ['ypntrans(tO)S(tO) + 7transs|(p)(t0)]/71 where y
Our last remark in this section concerns polyniet = ypNyrans(to) T Yirans- There is no further relaxation after

where the part of.the cprrelation functions responsible for th‘?’eaching this stationary state and its anisotropy is long term
out-of-plane reorientation appears to be suppressed by pohé'table. The lifetime ofcis forms in polymerP1 is 7.

meric environment. As in Ref18], we shall account for the —1.2 s and the kinetic equations need to be solved numeri-

presence of these gonstramts by assuming m"?’tx.xm cally. This, however, does not affect the conclusion about the
—G;i.yy. The result is that the equations for the diagonal I
iryy long term stability of POA.

order parameter components will be in the form of Egs. . S -
(16)—(19), where we need to change the sign of the first term According to Ref[14], the relaxation time characterizing

on the right hand sides of Eq&l6) and (17) and to inter- the decay oD;(t) to its stationary value after switching off

changeS,, andS,, . the irradiation in polymeiP1 can be estimated at abowut
) Y =15 min. The experimental estimate for polynfe2 is =,
V. NUMERICAL RESULTS =30 min. The theoretical value of this relaxation time, de-

_ _ _ duced from the solution of the kinetic equations in the ab-
In this section, we employ our model to interpret the ex-sence of irradiation, isryans~ 1/(¥p+ Yirans)- SO, in the
perimental data of the uv absorption measurements for difsimplest case, we can assume both relaxation timeséy,
ferent irradiation doses. The principal absorption coefficients— 1/7,) and Tyrans (Virans= UTyrans), 10 be equal to 30 min

D; can be related to the concentrations and the order paranip1) and 60 min P2). Table | shows the estimates for the

eters as follows: absorption cross section ofs moleculess (¢S and the av-
_ erage absorption cross section tedins fragments, (12"
Do (™) ransiransT 09N =(of[""+20{"2"9)/3, obtained from the uv spectra of the
a polymers dissolved in toluene.

#[1+UB(2 S+ 1)/BINanst deisranseis: (21 For these polymers, the absorption anisotropy parameters
where S=(S; )irans, U® is the absorption anisotropy pa- and the quantum efficiencies are unknown and need to be
rameter, andlgis.rans is the ratio ofo¢™® and gitfans) atthe fitted. We used the value &; as an adjustable parameter, so
wavelength of probing light. that the anisotropy parameteusand u® can be derived

Equation(21) implies that the method of total absorption from Eq.(23) and from the experimental value of the absorp-
based on Eq(1) is applicable when the fraction afs frag-  tion order paramete? measured ah =488 nm in the
ments is negligiblen.~0. In this case from Eq21), the  photosteady state.
absorption order paramete(®) are proportional td5; : Sl(a) The numerical results presented in Figs. 6—9 are com-
—u@/(3+u@)s, . puted atu®=13.0 andqjs.irans=2.9 (polymer P1); u®

The theoretical curves are computed by solving the ki-=11.0 andqgis.rans=2.15 (polymer P2). The quantum ef-
netic equations of the model discussed in the preceding seficiencies are listed in Table | and are of the same order of
tion. The initial values of the order parameteé®60) and magnitude as the experimental values for other azobenzene
AS(0) are taken from the experimental data measured sgompoundg44].

Aex=488 nm. Since the system is initially at the equilibrium  In order to characterize the regime of POA, we can use
state, the remaining part of the initial conditions is as fol-the fraction ofcis fragments in the photostationary state.
lows: S,(0)=5(0), AS,(0)=AS(0), Nyans(0)=1, and From Eqg.(14), this fraction is given by

Ncis(0)=0.

The anisotropy of nonirradiated films is uniaxial for both
polymers: S{(0)= —0.18< S (0)=S{?(0)=0.09 (poly- 34u(1+2Sy)
mer P1) and S®(0)=0.07>S{(0)=S{®(0)=—0.035 ng?3=3(r+1)+u(1+2 L
(polymerP2). On the other hand, reaching the photosteady Sst
state orientational structure of the polymers is characterized
by different uniaxial anisotropiess{®=S®<s{* (poly-

(22)

wherer=(ycis+deisl)/ (Qrans ), Ss=S{", and the corre-

(st) ~ g(st) — (st -
mer Pl.) af‘d ST T=S, .(pOIymer PZ). So, as is sponding value of the order parameter is a solution of the
shown in Figs. 6—9, the transient anisotropic structures arﬁ)llowing equation:

inevitably biaxial. These biaxial effects are related to the
difference between the initial anisotropy of polymer films
and the anisotropy of the photosaturated state.

Numerical calculations in the presence of irradiation were  2u (1/5+ 2\ /7 Sg— A2S2) = — S 3+ u(1+2Sy) ],
followed by computing the stationary values®&ndAS to (23
which the order parameters decay after switching off the ir-
radiation at timety. For polymerP2, the lifetime of thecis
fragments was found to be much longer than the periodgleduced by using Eq$16) and(18).
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At small values ofr, Eq. (22) will yield the fractionn?  isomers are short living. In this case, the photoreorientation
that is close to the unity and we have the kinetics of POA inmechanism is found to dominate the kinetics of POA. The
the regime of photoselection. In the opposite case of suffiopposite case of small valuesmo€haracterizes the regime of
ciently large values of, the photosteady fraction @ismol-  pnotoselection, where, ;> 7., andcis isomers are long liv-
ecules will be very small that is typical of the photo- ing in the presence of irradiation.

reorientation mechanism.

; L . It should be stressed that the mechanism of photoselection
When, as in polymeP1, cis isomers are short living, so

hat th fh | rel X is relatively | h cannot occur in polymers with high rate of therncégd-trans
ta?té eor]ca:ﬁeo ;reex:rr]ne?e:? at‘:gt'.zn_li_; Ik;slerel iméelgr aergaet, lgo?h isomerizationy,;s, where the time ofrans-cis isomerization
vaiues P Isted 1 ' g Tex 1S longer than the lifetime oftis isomers 7.is=1/y,

wavelengths of the exciting light. In this case, the fractions 2

of cis isomers in the photosaturated state computed front Tcis- IN our study, this case is represented by polyfgr

Egs. (22) and (23) are negligibly smallns)~0.003 at\ in which the mechanism of photoreorientation dominates at

=365 nm anch{$)~0.002 at\ ,,=488 nm. So, we have the both wavelengths of excitation. o
kinetics of POA in the regime of photoreorientation. It is _ " PolymerP2, yq;s is very small and the relaxation time
illustrated in Figs. &) and §b), where the measured and the 7.5 is determined by the rate ofs-trans photoisomerization
calculated curves are in good agreement and correspond &p;sl. When the wavelength of the exciting light is mr*

the photoreorientation mechanism. absorption band of azochromophores, this rate is higher than
In polymerP2, cis isomers are long living with negligi- the rate of transcis isomerization, Qyansl. SO, at gy

bly small relaxation ratey.s. The parameter is now the =488 nm the photoreorientation mechanism dominates in

ratio of the ratesq.;sl and qgiansl that characterizecis both polymers.

—transandtrans—cis stimulated transitions, correspond-  |n contrast to thens™* absorption bandsr7* absorption

ingly. This ratio is determined by the quantum efficienciespygnds of isomers are well separated. The wavelength
Pirans_cis ANdPeis_trans, @nd the absorption cross sections — 365 nm lies withinwa* absorption band ofrans chro-

o{'"@"9 andos. In this case, we can have both mechanismsnophores, so that the raml is low as compared to

depending on the wavelength of excitation. Giransl - FOr polymerP2, this means that there is nothing to
_ Figure 9 presents the case in which the wavelength ofe\ent thesis state from being populated under the action of
light is far from the absorption maximuRe,=488 nm. Itis |, light and the kinetics of POA is now governed by the
seen that, similar to polymd?1, the kinetics of the absorp- mechanism of photoselection

tion coefficients, presented in Fig(l®, is typical for the : . )
photoreorientation mechanism. According to Table I, the The photochemical properties of azopolymers are deter

value of r is 69.1 and we can use Eq2) and (23 to mined in Iarge_ pa_rt by the molecular structure of azochro
. (st ... mophores, which incorporates the azobenzene core and sub-
estimate the fractiong;¢ at about 0.02. It means that in this __. . . .
. . : ... stitutes. For instance, sufficiently polarized azochromophores
case, thecis—trans transitions stimulated by the exciting

light will efficiently deplete thecis state and the absorption (PUSh-Pull chromophorgsusually have short-livingis iso-

coefficients are controlled by the terms proportional to theMers: On the other hand, the chromophores containing long

order parameter dfans moleculegsee Eq.(21)]. alkyl substitutes are characterized by long-livioig form.
In contrast, Fig. @) shows that the experimental depen- Our results show that the polymers under consideration com-

dencies for bottD, andD,, are decreasing functions of the ply with these rules.
irradiation time at the wavelength,=365 nm near the In addition, the molecular structure of azopolymers deter-

maximum of absorption band. It indicates that the kinetics ofMines self-organization of azochromophores, which in turn

POA is governed by the mechanism of photoselection. In thi@ffects 3D orientational ordering. Self-organization means a
case. we have =0.03 andn®?=0.98. The method de- number of complex processes related to the spontaneous

cis ; P P P _
scribed in Sec. 1l D is now inapplicable, so the out—of—planeallgnment and aggregation of anlsot_roplc a_zoben_zene chro
mophores, processes of collective orientation, self-

. . . a)
absorption coefficiend, and the order paramete% can assembling at the interfaces, etc. The initial anisotropy of

83'ryrﬁgdee?tg?ffﬁomLeté?ggf@T;‘ﬁjexi;* rves calculated foMonirragiated polymer films is defined by these processes.
' We found that the azochromophoreskid films prefer in-
plane orientation, whereas the preferential alignment of the
VI. DISCUSSION AND CONCLUSIONS fragments inP2 films is homeotropic. The factors respon-
sible for this difference have not been studied in detail yet.
The intrinsic self-organization of azochromophores also
plays a part in the ordering stimulated by the actinic light

. . . L~ [15]. The excitation of azochromophores stimulates these
the decay of thesis state in the presence of irradiatior;s

. rocesses of self-organization that are slowed down in the
=1/(y¢ist deisl ). We have also shown that depending on thep g

| £ thi he Kineti f POA i q byglassy state. The contribution of self-organization processes
value of this parameter, the kinetics of | IS governe may explain different anisotropies observed in polynfets
either photoselection or photoreorientation mechanisms.

- andP2 on reaching the state of photosaturation. The positive
For large values of, r>1, we haver.js<7ey, so thatthe  n-plane order, observed in polymed, is determined by the
lifetime of cis isomers under irradiation;s is short and the strong preference of azochromophores to in-plane alignment.

In Sec. V, we have introduced the parameténat can be
written as the ratio of the characteristic time tanscis
isomerization, 7e,= 1/(0yransl ), t0 the time characterizing

011803-13
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The negative in-plane order induced in polyn® by the ity. To this end, we have estimated a number of photochemi-
light with \,=488 nm may be explained by assuming thecal parameters that enter the model from the experimental
dominating role of the photoreorientation mechanism. Gendata. Only the absorption anisotropy parameters and the
erally, we know from experience that the negative uniaxialquantum yields need to be adjusted. The comparison be-
anisotropy with the optical axis parallel to the polarizationtween the numerical results and the experimental data shows
vector of the exciting light can be easily induced in poly- that the model correctly captures the basic features of POAin
mers showing preference to out-of-plane alignment ofazopolymers.
azochromophores. We have additionally calculated the out-of-plane absor-

The photosaturated state of polyni2 films irradiated at banceD, and the absorption order parameta(g) in the
Aex=365 nm is found to be optically isotropic witl,=n,  photoselection regime where the experimental method of es-
=n,. As we have already noted in Sec. Ill B 2, extremely timation is inapplicable. The model has also been applied to
low concentration ofranschromophores will render the film - estimate concentrations of isomers, quantum yields of pho-
effectively isotropic. This is the case even if the angular disysisomerization, and anisotropy of molecular absorption. It

tribution of trans isomers retains an amount of anisotropy yovides a criterion for the occurrence of different mecha-
caused by the angular selective character of the burning prosisms and describes the biaxiality effects

Cess. Otn :he otherlgand, I?qngw_esogm_im' iso][rnet[s at f]{igh So, we have demonstrated that the phenomenological ap-
concentrations could resuit in disoraering €efiects up to SUpbroach of Refs[18,31] can be used as a useful tool for
pressing LC properties of azopolymé#s]. From our opti-

. studying photoinduced ordering processes in azopolymers.
cal measurements, we cannot unambiguously conclude ying p gp poly

the significance of these effects for polynie. Ogut it s_h(_)gld be noted_ that theoret_ic_al appr_oache_s of this s_ort,

Thus, in the regime of photoreorientation, the Orienta_by def|n_|t|on, d_o not involve explicit _conS|derat|0ns of mi-
tional structures observed in the photosaturation state afd©SCOPIC details of azopolymer physics. A more comprehen-
uniaxial with optical axes determined by the polarization ofSIV€ Study is required to relate the effective parameters of our
the light and by the favored orientation of the azochro-model and physical parameters characterizing interactions
mophores. In the case of photoselection, these structures apgtween molecular units of polymers. For example, the ini-
optically isotropic. The anisotropic structures induced at theial anisotropy of polymer films is taken into account through
early stages of irradiation are biaxial. These transient structhe initial conditions for the kinetic equations and the theory
tures are formed in passing from the initial uniaxial structurethen properly describes the biaxiality effects. But the process
to the state of photosaturation. of structure formation in nonirradiated polymer films is well

Self-organization of azochromophores under irradiatiorbeyond the scope of the model and such description cannot
implies their collective orientation and liquid crystallinity. serve as an explanation of biaxiality. Similarly, the sup-
The other collective mode is related to the orientation ofpressed out-of-plane reorientation of azochromophores in
nonphotosensitive fragmentatrix), which is influenced by  polymer P1 is treated as a constraint imposed by the poly-
the orientation of azochromophores. According to Refsmeric environment and is taken into consideration by modi-
[14,24], the latter factor seems to be of crucial importance infying the order parameter correlation functions.
stabilizing the photoinduced order. Our results show that neglecting the influencecisfiso-

In our experiments, the photoinduced anisotropy has beemmers on the orientational order of the anisotropans iso-
seen to be stable over at least several weeks. The anisotropyers does not lead to considerable discrepancies between the
can be erased and rewritten by the light. This long termtheoretical results and the experimental data. In general, the
stability of the induced order implies effective orientation of presence of nonmesogerniis isomers could give rise to de-
polymer matrix in both photoreorientation and photoselecterioration of the photoinduced order tfins fragments. In
tion regimes of POA. the regime of photoselection, this effect will eventually pro-

In order to interpret the experimental results on the kinetduce nearly isotropic angular distribution whns isomers.
ics of the photoinduced absorption dichroism, we employedn the other hand, our model predicts that in polyrRer
the theoretical model formulated by using the phenomenothis distribution is always anisotropic with nonvanishing or-
logical approach of Refd.18,31]. This approach describes der parameters dfrans fragments[In this case, the order
the kinetics of POA in terms of one-particle angular distri- parameters are not proportionalﬁ?) depicted in Fig. ),
bution functions and angular redistribution probabilities. Theyhich go to zero due to depletion of thens state] Though
probabilities enter the photoisomerization rates and definghe model is successful in describing our experiments, it can

coupling between the azochromophores and the anisotropige modified to study the case in which the disordering effect
field represented by the distribution function of the polymercaysed bycis isomers cannot be disregarded.

matrix f,. This anisotropic field reflects the presence of
long-living angular correlations and stabilizes the photoin-
duced anisotropy.

The key assumption of the model is that tigfragments
are isotropic and do not affect the ordering kinetics directly. This study was partially supported by CRDErant No.
Certainly, this is the simplest case to start from before studytJP1-2121B. We also thank Dr. T. Sergan from Kent State
ing more complicated models. So, we studied the prediction®niversity for assistance with processing the data of the null
of this simple model for both polymers to test its applicabil- ellipsometry measurements and for fruitful discussion.
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