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ABSTRACT: The photoinduced birefringence is analyzed in a gtlesst azobenzene-containing polymer in

the temperature range from 20 to 330 K. An anomalous behavior arises in the low-temperature range, suggesting
strong influence from the free volume for the chromophores in the polymer. This influence is so strong that
quenched samples have a photoinduced signal ca. 5 times greater than the annealed ones at room temperature.
An extended free volume model is presented based on two assumptions about thermal fluctuations in the cavities
and their size distribution. This model, which is an extension of the model by Mita et al., can explain the main
features of the photoinduced birefringence as a function of time, temperature, and initial free volume state. To
account for the influence of free volume on the photoorientation, the detailed reorientation model by Sekkat's
was used. We show that Sekkat's model leads to an exponential behavior at small orientation regimes, which
simplifies the mathematical treatment and allows the mean free volume to be obtained from the data fitting.

1. Introduction corroborating an earlier report of photoisomerization at tem-

The trans— cis — trans photoisomerization of azobenzene perat_ures as low as 4 R. ) ,
derivatives leading to photoinduced birefringehzepolymer This extended free volume model is based on the Sekkat's

films has been extensively investigated and may be exploited simplified model, i.el, a small moleculgr angular redistributiqn,
in optical storagé, surface-relief gratingd,second and third ~ @nd on two assumptions associated with the thermal fluctuations

harmonic generation, optical switchiAgtc. An overview of of _th_e local free vc_)lume and the free volume distributiqn. The
photoisomerization in azocompound-containing polymers has efficiency with which azobenzene groups suffer photoisomer-
been produced by Sekkat and Knoll in ref 5. Azobenzene ization from trans to cis depends on the volume of the
derivatives have also been used as photoprobes for investigating!@nocavity that contains a chromophore. Expressions are
the microstructure and microenvironment in polymers. For obtained to account for the kinetics of photoinduced birefrin-
example, photoisomerization is suppressed when the free volumegence at low light intensity condition. Theoretical and experi-
available for the chromophores is reduced due to cross-linking Mental data on films of polystyrene doped with DR1 are
in epoxy resing’” Several models and phenomenological compared.

equations have been used to explain photoinduced birefringence,

which include KohlrauschWilliams—Watt$ and biexponential ~ 2. Extended Free Volume Model

functions? One successful model was developed by Sekkat et ) o ) )
al. 1% in which the photoisomerization and the angular distribu- Photoisomerization processes lead to molecular reorientation

tion of the azobenzene groups in the sample are taken intothat modifies the dir_ection and the mogiulus_ of t_he ir_1duced dipole
account. In the low-light intensity regime, Sekkat's model leads moment. The reorientation mechanism implies in an optical
to biexponential functions in agreement with experimental @bsorption change and in photoinduced birefringéfidéere
results. However, the latter model was not conceived to accountWe am at explaining the mechanisms for photoisomerization
for the temperature dependence of photoinduced birefringence.2nd réorientation processes in polymer matrices, focusing on
Recently, we reported in a lettéran orientation model for the  the influence of the polymer free volume, which is done with
temperature dependence to account for the alignment. Here we2n extended free volume model. Two assumptions were made
present the full details of the model and results, in which the that do not constitute any new paradigms, for their contents
Mita et all2 free volume model is extended to explain the Nhave been used by other authors with small variatiéas.
dynamics of the photoinduced birefringence in a guéstst 2.1. First Assumption. The first assumption is that the
system of the polymer polystyrene (PS) doped with the dye volumes of the cavities suffer thermal fluctuations and may be
Disperse Red-1 (DR1). The dynamics of the photoinduced described by a Gaussian function centered at the average
birefringence was analyzed in the range from 20 to 330 K and volume, V. The normalized probability of finding the cavity
with two initial free volume states. We also show that photo- Wwith volume betweerV andV + dV is given by

induced birefringence can exist at very low temperatures,

P(V) dV = —2 (V _ VM)2 av 1
= exp —
T Universidade Estadual do Centro Oeste (Unicentro). \Y VAV AV (1)
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Figure 1. Probability density distribution of finding a cavity with a V (units of V)

given volume. The probability function is centered\at, and Ve is Figure 3. Reactivity curvesd as a function of cavity volume, for
the critical volume. Functions are shown for three temperatures: 20, five temr;eratureS' 10, 100. 200 300. and 400 K ’

80, and 160 K.

4 is convenient because, computationally, it is much quicker to

1.0 employ tanh than the erfc function.
Then, our first assumption is defined as follows: The
0.8 reactivity of an azobenzenic molecule contained in a cavity
2 0.6 with an average volume&/y is given by ®(V) = Y,(1 +
2 tanh[1.25(Ym — Vc)/AV))).
& 04 Figure 3 shows the reactivity curve for five temperatures.
@ For cavities withVy < V¢, ® — 0 and forVy > Ve, ® — 1,
0.2 as expected. As the temperature increases, the reactivity curve
is broadened in such a way that fof < V¢ the reactivity
0.0 & increases with temperature while fér> V¢ it decreases. At 0
0.0 0.5 1.0 1.5 2.0 K, where no thermal fluctuations takes plaggV(— 0), the
VIV, reactivity becomes a step function\&. Note that the reactivity

Figure 2. Comparison between reactivity curves for the complementary ®(Vw) is not the probabilit_y_ of isomerization for_an azobenzenic
error function and a hyperbolic tangent function for a typical value of molecule, but the probability of an azobenzenic molecule to be
Vc andAV. allowed to isomerize. The first assumption gives a precise
definition for the critical voluméV/c, i.e., the volume in which
the probability of isomerization of an azobenzenic molecule is
— equal to¥/s.
AV(T) = AVoT 2) The reactivity is never zero, even though it is negligible when
Ve — Vu is much larger tha\V. A nonzero reactivity even

of m¥K. The probability density as a function of the cavity for V=0is phy;ically acceptable, since glassy polymers are
known to exhibit constant molecular rearrangement, which

volume is shown in Figure 1 for three temperatures. There is a ~ -
nonzero probability for each cavity to be larger or smaller than Créates cavities where there was none, thus allowing isomer-
a critical valueVc. The critical value defines the volume above 1Zation of chromophores that were trapped in these places.
which isomerization of the azobenzenic group is possible. In Furthermore, to allow nonzero reactivity in regions with no local
cavities smaller thakc isomerization cannot occur due to steric  1€€ volume is convenient to describe the contribution of these

hindrance\Vc is expected to be different for distinct azobenzenic Molecules, mainly at high temperatures close to the glass
moleculed® transition temperature, where the molecular rearrangement is

The probability of finding a cavity with a volume larger than @St and thermal fluctuations are large. 5
Vc is known as the reactivity functio®, given by 2.2. Second Assu_mptlonln a paper in ;977, Roberts
suggested a normalized Gamma distribution func¢vl) to

linearly with the temperature (thermal energy) as

with AVp being a thermal fluctuation coefficient given in units

1 e V—Vy describe the free volume distribution:
VA s i W 1 (Ve Vu
D(Vy) = = erfd ——— 1 (L Vet v,
1 o V—Vy 2 AV EVy) ==——|1— expg -1 — (5)
- M D)V, V- V.
— ) eX AV (V| Vr T

3)
) ) . whereV is the average volume of the cavily(x) is the gamma
The erfc(-x) function can be approximated by another function  function, Vy is the total free volume, and and/ are adjustable

involving tanhg), as follows. parameters. In terms of the average free volume for all cavities
V, eq 5 becomes
L N R P |
AV |72 ' AV o (Vi |*? Vy,
= —|—= expg—o— 6
where the factor 1.25 was found to yield the best fitting between M ')V vV \ 2

the two functions. Figure 2 demonstrates how good the ~ ~
approximation is foMc = 1 andAV = 0.25, and this applies  whereV = aV+/4 is obtained by the integral = [ZVm&(Vm)
to other typical values 0¥ andAV. The transformation ineq  dVy. It is important not to mistake the average free vqumngV
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1.0 Yc
I Ec =1 — exp(-Pyct] 9)
L Xc
0.8 -
%’ [ whereZr andZc are the participativity of the molecules in trans
S 06| and cis states, respectivelyr is the light-driven rate for
N I transition to the aligned trans statgg is the light-driven rate
g 0.4 [ for transition to the aligned cis statg; is the loss rate due to
2 L thermally activated angular diffusion of the aligned molecules
'§ 0.2 i in trans, yc is the loss rate due to thermally activated back-
o reaction from cis aligned to trans unaligned, @né the time
L interval during which the pump light was on.
0.0 In the same way that the reactivity describes how difficult it
. is for the isomerization to occur, the participativity function is
V (units of V) associated with the difficulty in the angular reorientation process.
Figure 4. Typical curves of the free volume distributio)( the This function increases with the photoisomerization time
participativity function E), and the participation functiorH( = =) exhibiting a threshold as time tends to infinite. Low light

of the chromophores. intensities and high loss in alignment reduce the participativity

o - of the chromophores. The temperature may change the mobility
the distributionZ, represented by, with the average volume  5nq affect the participativity of the chromophores. Note that
of a single cavity V. From now on the index “M" ifvy will less reactive chromophores are also less participative in the
be suppressed. The distribution in eq 6 has the general feature%hotoinduced birefringence. All of this is encompassed by eqgs
expected for the cavity’s volume. It is a well-behaved, smooth g 404 9. For the trans molecules, the reactivity appears as a
normalized function, has boundary conditionsi@®) =0 and  myjtiplicative factor. For the molecules in cis state it appears
&() = 0, and tends rapidly to zero. Since the exact evaluation yitiplying only the characteristic time. The participativity
of such a distribution is not possible, any function presenting f,nction varies between 0 and 1. Chromophores in small
these features is sufficient to describe approximately the free cayities, with little mobility to isomerize and reorientate, are
volume influence whatever the exact distribution should be. In |ogg participative. On the other hand, in large cavities chro-
this work, we assume that the cayity size distribution is given mophores are very participative. However, large cavities are
by a Poisson function where = 3 in eq 6. Thusg(V) can be rare. The contribution to the birefringence depends on both how
taken as participative the chromophores are and how numerous the
cavities that contain them are. This leads us to another
E(V) = 2_7(!)2 exr{— g/) ) convenient parameter, defined as the product of the participa-
v\V v tivity E and the cavity size distributiof This quantity will be
referred to agarticipation and represents the contribution to
the birefringence from all chromophores contained in cavities
with volume betweery andV + dV. Figure 4 shows a typical
curve of theg, =, and the participatiorH = EE of the
chromophores. The area under the participation function is
proportional to the birefringence.
3.1. Angular Reorientation Model. We obtain an analytic
cgeatment for the birefringence with the free volume influence
y reducing the system to only three states, referred to as “states
of alignment”, defined by the following equation:

The second assumption is summarized by stating that
azobenzenic molecules are uniformly distributed in cavities in
the polymers, whose volume distribution is givenggy) as in
eq 7. The solid line in Figure 4 shows a typical curve for the
cavity size distribution given by eq 7. It should be stressed that
the meaning of the volume/” in £ is not well-defined because
certainly the cavities are not spheres. The cavities are expecte
to have a variety of shapes so that large cavities with a
cylindrical shape may allow isomerization as much as a small
spherical cavity. This does not alter the assumption in its To~1 (10)
essence. It suffices to reinterpret the volume of the cavities as o=
effective volumes, i.e., the largest spherical volume inscribed o e ) ’
to the cavity, and the adjustable paraméafean be understood T, G = f; J:) frc(0.9)sinfcos6dody  (11)
as the effective average free volume of the polymer.

wherefr o(6,¢) is the angular distribution of the molecules in
3. Applying the Model to Photoinduced Birefringence trans or cis stated) and¢ are the polar and azimuth angles,

To treat the photoinduced birefringence, we must consider re€SPectivelyTo is the state of molecules in trans unalign@d;
not only the photoisomerization but also the reorientation @nd Ci are the states of alignment for the molecules in trans
mechanism. It is convenient in this case to introduce two new Nd Cis states, respectively. As defined by eq 11, the birefrin-
functions, namely the participativity=} and participation i) gence is proportional to a linear combinationTpiandC;. The
functions. The participativity function appears naturally from distribution, f (6,¢), can be evaluated by many models that
the solutions of the differential equations describing the time account for the angular reorientation of the chromoph&tés.
evolution of the photoinduced birefringence. It has different FOr @ system in the presence of a pump light the states of

expressions for the trans and cis states, being defined as ~ allgnment and their transition are represented in Figure 5 for
the chromophores in cavities with volume betwééandV +

dV. In this figure,@r, @c are the light-driven rates fromMp —
ﬁq)[l — expy+to)] (8) Ty, To — Gy, x7 is a thermal diffusion rate fof;, — To, andyc
T is the thermal back-reactio@, — To.
The photoinduced transition trans cis and the spontaneous
and decay cis— trans of the chromophores depend on the siz&B(/

—
C—
—

T
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Chromophores not aligned @

within V and V+dV. dc, = X—C(l — e MYTEdV (17)
c
dTO(V) An element of birefringence is given by the linear combina-
tion of egs 16 and 17, which results in
Do Do,
®Xc Xt dAng = A dT, + Ac dC, (18)
where d\ng(V) is the buildup of the birefringencér and Ac
dG,(V) dT,(V) are the amplitudes corresponding to the trans and cis states,
Chromophores in Chromophores in respectively Ar and Ac are adjustable parameters.
cis state aligned. Trans aligned. Integrating eq 18 using egs 16 and 17, we obtain
Figure 5. Diagram for the transitions between the alignment states
To, Ty, andC; for chromophores in cavities with volume betweén @7 Yty
andV + dV. AnB=ATX—(1—e"T)fO ED dV +
T

the cavity. So, the transition rates must be weighted by the Qe poo oyt
reactivity, which results in new rates, vibgr, ®gpc, anddyc. ACX_ 0 (1 —e *)adv (19)
In other words, the chromophores in cavities with volume c
betweenV andV + dV will populate stateC; with a rate®gc
and the statd@; with rate®¢+. The rate for the loss of alignment
due to angular thermal diffusion occurs not only with the - w
chromophores but also with the polymer matrix. Even when Ang = A [TEEAV + A [ EcE dV (20)
prevented from moving independently, chromophores may lose

their alignment together with the movement of the polymer  3.3. Decay of the Birefringence.n absence of light the
chains. In this case we assume that the thermal diffusion ratephotoorientation rategr and ¢c are null, and the equations
x1 does not depend on the volume of the cavity and therefore for the decay of birefringence are given by

is not weighted by the reactivity function. Thermal diffusion

As a function of the participativity eq 19 becomes

rates are assumed to have an Arrhenius dependence with a(dT,)

temperaturd® Furthermore, we assume that the angular thermal 5 Al (21)
diffusion does not depend on the initial free volume, which is

reasonable since thermal expansion is very small. With this a(dC,)

approximation, quenched and annealed samples have the same o —xc® dC, (22)

angular diffusion rates.

By assuming eq 10, the chromophores must have a very small
alignment so that the stale remains practically unchanged in
time. This implies that the rates for birefringence buildgp, dT, = (dT ),e 23)
andgc, must be much smaller than the rates of the birefringence L o
decayyt andyc. This condition can be obtained experimentall _
with I{)%v punicp light intensities. P g dC, = (dC))ee (24)

3.2. Buildup of the Photoinduced Birefringence According o ) _ _
to the second assumption in section 2.2, the number of molecules  The initial amplitudes (@)o and (cCy)o are induced in the

whose solutions are

in cavities with volume betweeX andV + dV is time formationtr. They are given by eqs 16 and 17. The decay
of birefringence is obtained by integrating the linear combination
dTo(V) = Toé(V) dV (12)  of egs 23 and 24:

From the model depicted in Figure 5 we can establish the

AP ey WAL
rate equations that describe the buildup of the birefringence: Anp = ATXT(l € )fr; PEdVe T +

Pc oo _ _
9(dTo) =1 — e e e dv (25
=0 (13) Ac o € e e av (25)

a(dT,) As a function of the participativity, we obtain

ot Dy dTg — xr dT,, (14) . o . o
Ang = A [CE(t)e FEdV + A [ Ed(t)e g av
WD _ o ary - 0 dc, (15) #0)
ot Pl *e T 3.4. Experimental Details. The birefringence values were

calculated from changes in transmission using the traditional
setupg® shown in Figure 6, with an Arlaser (514 nm polarized
light, 15 mW/cn?) inducing orientation of azobenzene groups.
A low-power He-Ne laser (632.8 nm, 2.2 mW) modulated at
1000 Hz with a chopper was used to probe the photoisomer-
ﬁq)(l_ e"‘Tt)Tong (16) ization process. The response signal was measured with a
Xt photodetector and a lock-in amplifier. The relation betw&etgnv

Using eq 12 in eqgs 14 and 15 and solving the differential
equations, with the approximations discussed in section 3.1, we
obtain

dT, =
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Figure 7. Buildup and decay curves for photoinduced birefringence
I _nz(ﬂAnL) measured at 20, 180, and 300 K.

27
> (27) .

birefringenceAn and the measured intensity is giver?by

lo

wherel andl, are the measured probe intensities before and
after the probe beam had passed across the analyzeithe I u
sample thickness, antis the light probe wavelength. Guest 6 .
host samples were prepared by casting a solution of polystyrene
(PS), containing 0.3 wt % of DRL1 in chloroform. Prior to the
measurements the samples were free of solvent. The thickness e
of the samples was50um. Annealed samples were first heated 3 = Experimental data
to 393 K and then cooled in steps§ ®K until 343 K. In each : Model prediction
cooling step the sample remained dgri® h at the set L
temperature. Quenched samples were first heated to 393 K and 0 T B T
then immersed in a bath of water and ice. 0 100 200 300
3.5. Results and Predictions of the ModelFor an intuitive
understanding of the influence of the free volume on the
photoinduced birefringence, we shall comment upon a few Figure 8. Experimental and theoretical curves for the time constant
properties of the chromophores and what happens when the?! the fast decay vs temperature.
initial free volume and the temperature are varied. In principle, 25
any azobenzenic molecule is photoisomerizable sth(¥) is
a nonzero function for any cavity volume. However, molecules
within very small cavities are assumed not to be isomerizable.
The decay processes are governed by an Arrhenius function,
which implies that with no free volume influence one would
expect the characteristic times to decrease monotonically with
temperature. However, according to the first assumption in
section 2.1, as the temperature increases thermal fluctuations
can turn nonparticipative chromophores into participative ones
with small reactivities. Also, molecules in cavities larger than
Vc have their reactivity reduced, as seen in Figure 3. In both ?
cases the average reactivity of the participative chromophores 0.0 —L L '
is reduced with temperature. So, when fitted with a biexponential 0 100 200 300
function the effective characteristic time for the fast process Temperature (K)
may grow with temperature for low temperatures. This effect, Figure 9. Experimental data and simulations with the model for
shown in Figure 8, was measured and predicted by the theorytemperature dependence of the amplitude for quenched and annealed
as shown in the solid curve. Actually, the behavior shown in~ S&mPles.

Figure 8 indicates that a biexponential function is not adequate - .
to describe the photoinduced orientation in polymers, as curve shows. For sufficiently high temperatures, thermally

illustrated by the lack of agreement between the experimental activated mechanisms predominate and the amplitude decreases

data and the model prediction, even for the best parametersVith the temperature.

found for the whole experimental data. Finally, quenched samples exhibit higher birefringence
The amplitude of photoinduced birefringence can also amplitudes than the annealed ones. This is because quenched
increase with the temperature for low temperatures, in contra- samples have larger average free voluvhavhich implies in
diction to an Arrhenius process. According to the second higher reactivity, participativity, and participation of the chro-
assumption in section 2.2, the free volume distribution is shifted mophores. Consequently, it will exhibit higher amplitudes as
to the right of the critical value as the temperature increases, observed in Figure 9. The prediction of the model is represented
which implies in more chromophores becoming participative. by the solid curve. This is consistent with the results by Sekkat
This effect, shown in Figure 9, was measured for temperatureset al?! in which the photoorientation amplitude decreased at
between 0 and 180 K and is predicted by the theory as the solidhigh pressures, as the mean free volume became smallerCDV

D fast

Temperature (K)

quenched

2.0

1.5

1.0

annealed

0.5

Amplitude after 300 s
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Table 1. Parameters Used in the Simulations of Curves Shown in
Figures 8 and 9

Ac=9 yxc,=10s1

Ar=0.07 %c, = 0.25s1

@c=0.05s? %1.=0.02s?

¢T:0.05§1 \_/c=1

Ec = 7.8 kd/mol V(quenchedy= 0.9
V(annealed)= 0.05

Er = 6 kJ/mol AV = 0.004

The parameters used in the model should explain the
experimental curves with regard to both temporal evolution and
amplitude of birefringence, as a function of the temperature.
Figures 8 and 9 show the best fitting that matches the time
evolution (Figure 7) and the temperature dependence of the
photoinduced birefringence. The time evolution curves and their
fitting with the model were shown in an early papérThe
parameters used are given in Table 1.

4. Extended Free Volume Model for Other Phenomena

Azocompound-Containing Polymerst919

rates for the birefringence decay; andyc, should be much
larger than the rategt and ¢c that induce the birefringence.
That is an important approximation that keeps most of the
chromophores unaligned. But at very low temperatures, the
thermally activated rategr and yc become much smaller so
that ¢tc =~ yxt.c. Then, the photoinduced alignment of the
photoisomerizable molecules is large, causing the birefringence
to saturate, and this is not taken into account in the model. To
explain saturation of the photoinduced birefringence at low
temperatures, one should consider the angular dependence in
the reorientation process, which was neglected in this model.
A theoretical model, taking angular distribution and free volume
into account, is being developed.
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