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Abstract

Polarized light-induced anisotropy of 4-dimethylamino-4′-nitroazobenzene (DMANA; NO2–C6H4–N=N–C6H4–N(CH3)2) in PMMA
is investigated by polarized spectroscopy and compared with the anisotropy of Disperse Orange 3 (DO3; NO2–C6H4–N=N–C6H4–NH2)
studied previously. The orientation factors evaluated from spectroscopic results show that thetrans isomers of DMANA isomerize tocis
forms by motion of thep-NO2–C6H4 group easily compared with motion of thep-N(CH3)2–C6H4 group. This result is different from the
result of DO3 in PMMA where thetrans forms tend to isomerize tocis forms by motion of the amino group side than that of nitro group
side. We consider that this difference is due to the volume effect of the substituent at theparaposition of a phenyl group. This study clearly
indicates that the motion of push–pull azo-dyes in the isomerization processes strongly depends on the relative volume of thep-substituent.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Azobenzenes with both electron donor (D) and acceptor
(A) have attracted the interest of a large number of re-
searchers in the field of photonics. This push–pull type of
azo-dyes has a larger polarity than that of an azobenzene
without a substituent, and thecis molecule of push–pull
azobenzenes formed via the photoisomerization process
can thermally reisomerize to thetrans molecule quickly
[1] because of large charge separation induced by D and
A. The large polarity and the fast reisomerization (thermal
isomerization) lead push–pull azo-dyes towards becoming
prospective new optical functional materials utilizing the
second-order nonlinear optical effect [2,3] or polarized
light-induced anisotropy [4–7,24,25].

A polarized light-induced anisotropy [4–7,24,25] has
been observed in polymer films doped with photochromic
molecules. Since the 1980s, this type of anisotropy has
been studied in polymers doped with azo-dyes for transient
polarization holography by Todorov and co-workers [8,9].
Then, polarized light-induced anisotropy has also been
examined in the mixture of azo-dyes and liquid crystals
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[10,11,26–28], and it has been expected as being a new opti-
cal switching material. In the mixture of azo-dyes and liquid
crystals, the orientation of azo-dyes induced by irradiating
the polarized light can be a driving force for alignment of
the liquid crystals. While the technology for the application
to various optical devices has been advanced, studying the
dynamics of azo-dyes during photoisomerization or thermal
isomerization processes is essential for the comprehension
of the physical mechanisms for photoinduced anisotropy.

We have studied the matrix-dependence of pho-
toinduced anisotropy [12]. The molecular motion of
push–pull azo-dyes has been evaluated by orientation fac-
tors which were obtained from polarized UV–VIS and
FT-IR spectroscopies [13,14]. Disperse Orange 3 (DO3,
NO2–C6H4–N=N–C6H4–NH2) was used in our previous
studies. In most polymer matrices such as methacrylate
polymers and polystyrene, thetrans forms of DO3 tend to
isomerize tocis forms by the motion of thep-NH2–C6H4
group side, because the relative volume of thep-NH2–C6H4
group is considered to be small compared to that of the
p-NO2–C6H4 group.

In this paper, we also use another push–pull azo-dye,
4-dimethylamino-4′-nitro azobenzene (DMANA, NO2–
C6H4–N=N–C6H4–N(CH3)2) having an amino group of a
larger volume in order to examine the relationship between
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the relative volume ofp-substituents and the motion of azo
molecules during the isomerization process. The absorption
peak (wavelength:λmax) which corresponds topp∗ tran-
sition of the trans isomer appears at a longer wavelength
than that of DO3 because of the stronger electron donor of
DMANA. The molecular structure dependence of photoin-
duced anisotropy is anticipated to help us understand the
molecular motion of azo-dye in the photoisomerization pro-
cess induced by polarized light. For this purpose, the com-
parison of dynamic behavior between DO3 and DMANA is
made by polarized UV–VIS and FT-IR spectroscopies.

2. Experimental

2.1. Samples

Push–pull azo-dyes, DMANA (Tokyo Kasei) and
DO3 (Aldrich), were used as photochromic molecules.
Poly(methyl methacrylate) (PMMA, Aldrich,Mw=120,000,
Tg∼114◦C) was used as a matrix. The cast film of PMMA
doped with each dye was prepared from a chloroform solu-
tion. The thickness of the films was less than 20mm. The
dye concentration was about 1 wt.%. The films were an-
nealed at 90◦C for several hours. The residual chloroform
in the prepared films was measured by FT-IR spectroscopy.
The content of residual chloroform was found to be so
little that it would have no influence on the photoinduced
anisotropy in any of the films.

2.2. Measurements

Linearly polarized continuous-wave light (488 nm) from
an Ar ion laser (Spectra-Physics Model 161C) was used as
the excitation light. Polarized UV–VIS spectra and polarized
FT-IR spectra were taken in the parallel (Z) and perpendic-
ular (Y) directions to the polarization direction of the Ar ion
laser. The optical power of the Ar ion laser was 6 mW cm−2

at the sample position in both spectroscopic measurements.
The variations in UV–VIS absorbance along theZ- and

theY-direction,EZ(λ) andEY (λ), were measured atλmax by
a Shimadzu UV-2500PC spectrometer. The measurements
were performed before irradiation, during irradiation, and
after irradiation with polarized excitation light at room tem-
perature (23◦C). Before irradiation, all the azo molecules are
considered to exist intrans isomers. In push–pull azo-dyes,
it has been known that the absorption peaks atλmax in the
visible range correspond to thepp∗ transition of thetrans
isomer. The mole fraction oftrans isomers,α, can be ob-
tained with(EZ(λmax)+2EY (λmax))/3, because the linearly
polarized light induces optical anisotropy in the film plane.

The FT-IR spectra of the azo-doped PMMA films were
also measured at room temperature (23◦C). The spectra were
recorded by using a Bio-Rad FTS-175C IR spectrometer
equipped with an MCT detector. The wavenumber resolution

was 4 cm−1. The IR spectra of the azo-dyes in the PMMA
were obtained by subtracting the spectrum of a blank film
from that of dye-doped films. Polarized FT-IR spectra were
obtained using the polarizer (KRS-5). All interferograms
were collected for every 10 s before irradiation, during irra-
diation, and after irradiation of the linearly polarized exci-
tation light.

3. Analysis

Orientation factor is useful in discussing statistically av-
eraged alignment of molecules [14]. It is also suitable to
analyze the orientation of two isomers of azo-dyes formed
by the polarized-light irradiation. We have established the
method for determining the orientation factor of the two iso-
mers as reported in our previous study [13]. The process of
determination is briefly explained here.

The absorption probability of a band (a) along theZ-axis
in the laboratory-fixed co-ordinates (F=X, Y, Z) can be rep-
resented by

〈(eeeZ · MMM(a))2〉 = M2
x (a)〈cos2 θx〉 + M2

y (a)〈cos2 θy〉
+M2

z (a) < cos2 θz〉 (1)

whereeeeZ is a unit vector of theZ-polarized light, andMMM(a)
is an electric dipole transition moment which is represented
by componentsMf (a) in the molecular-fixed co-ordinates
(f=x, y, z). The terms ofM2

f (a)〈cos2 θf 〉 (〈 〉: the statis-
tical average) correspond to the square of the projection
of the f-components ofMMM(a) onto the Z-axis (Fig. 1),
and the off-diagonal terms likeMx(a)My(a)〈cosθx cosθy〉
may vanish by selecting the appropriate system of
molecular-fixed co-ordinates which coincide with the
molecular orientation axes. The averaged square cosineθf

is defined as the orientation factorKZf :

KZf = 〈cos2 θf 〉. (2)

The F-components of the observed absorbance vector
in the laboratory-fixed axesEF (a) can be represented by

Fig. 1. Projection of thez-component of transition momentMMM expressed
in the molecular axes.
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the sum of each matrix elementKFf multiplied by the
f-components of the absorbance vectorAf (a) in a molecular
framework:

EF (a) =
∑
f

KFf Af (a)

= KFxAx(a) + KFyAy(a) + KFzAz(a). (3)

In this study, the sample is considered to have a uniaxial
orientation, i.e.EX(a)=EY (a), since the linearlyZ-polarized
light was used for the source of irradiation and the molecules
are selectively excited by theZ-polarized light. Therefore,
the matrix K can be described as

K =



KXx KXy KXz

KYx KYy KYz

KZx KZy KZz




=




1 − KZx

2

1 − KZy

2

1 − KZz

2
1 − KZx

2

1 − KZy

2

1 − KZz

2
KZx KZy KZz




.

(4)

Azo molecules as used in this study can take two isomeric
forms, trans and cis isomers. So theF-component of the
observed absorbance of a vibrational band (a), EF (a), can
be expressed as the sum of the absorbance of two isomers
using the mole fraction of thetrans isomer,α:

EF (a)=α
∑
f

K
(t)
Ff Af (a)(t) + (1 − α)

∑
f

K
(c)
Ff Af (a)(c). (5)

The orientation factors for each isomer can be estimated by
solving the above simultaneous equations for several differ-
ent bands.

4. Results and discussion

4.1. Thermal isomerization

The direction of thepp∗ transition moment of thetrans
isomer is known to be almost parallel to the molecular long
axis [15,16,29]. As shown in Fig. 2,λmax in DMANA/
PMMA is observed at 486 nm and that in DO3/PMMA is at
438 nm. In the case of push–pull azo-dyes, such a spectral
difference inλmax has been known to reflect the difference
in the strength of an electron donor [17] which leads to the
difference in polarity. Here, the dimethylamino group is a
stronger electron donor than the amino group of DO3.

The mole fraction of thetrans isomer during the iso-
merization process,α, can also be obtained by monitoring
the absorbance atλmax and normalizing it to the initial ab-
sorbance before irradiation as the mole extinction coefficient
(ε) for the trans isomers atλmax is about 25 times larger
than that for thecis isomers [18]. If the mole fraction of the

Fig. 2. UV–VIS spectra of DMANA (—) and DO3 (---) doped in PMMA
films.

trans forms is 0.8, the contribution of thecis isomers to the
absorbance atλmax is less than 0.01 (=(0.2×0.04)/(0.8×1))
and it can be neglected in determining theα-value in this
study. Theα-values began to decrease upon irradiation and
reached a constant value, which exhibits the photostationary
state. Theα-values in the photostationary state were 0.83
(DMANA) and 0.82 (DO3). On turning the light off, the
α-values increased and finally recovered to 1. The varia-
tions of absorbance are shown in Fig. 3. The reisomerization
(thermal isomerization) timeτ ct is defined by an empirical
technique [19], i.e. as the time such that 90% of thecis iso-
mers convert totrans isomers at a convenient estimate.τ ct
for DMANA was about 30 s, which was shorter than that for
DO3 (ca. 70 s). For the push–pull azo-dyes in any solvent,
cis molecules generally isomerize not only via slow inver-
sion processes but also by rapid rotation processes because
the azo-dye with a stronger electron donor promotes charge
separation in a molecule [18,20,30]. The fact of faster reiso-
merization for DMANA as well as the result of the red-shift
of λmax support that the molecule has a larger polarity than
that for DO3.

Fig. 3. The variation of absorbance atλmax in UV–VIS spectra when the
Ar ion laser was turned on and off: DMANA (—) and DO3 (---).
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Table 1
Absorbances in a photostationary state,EZ(λmax) and EY (λmax), and
the anisotropy ratio calculated by(EZ(λmax))−EY (λmax))/(EZ(λmax))+
2EY (λmax))

DO3 DMANA

EZ(λmax) 0.71 0.72
EY (λmax) 0.87 0.88
Anisotropy ratio −0.065 −0.065

4.2. Polarized light-induced anisotropy

In the cases of DMANA and DO3, thecis isomer formed
by irradiation has little visible absorption around eachλmax
of the trans isomer [1,18]. Therefore, polarized-light in-
duced anisotropy for thetrans isomer can be estimated with
EZ(λmax) andEY (λmax) in the visible range. Anisotropy ra-
tios for the trans isomers are calculated by(EZ(λmax) −
EY (λmax))/(EZ(λmax)+2EY (λmax)). As shown in Table 1,
the anisotropy ratio is almost the same between DMANA
and DO3. However, anisotropy for thecis isomers cannot
be obtained by this method.

Figs. 4 and 5 show the polarized infrared spectra of
DMANA and DO3 in PMMA, respectively, before irradi-
ation and during irradiation in the wavenumber range of
1650–1280 cm−1. Three vibrational bands are assigned to
symmetric (NOs

2, 1340 cm−1 (DMANA) and 1341 cm−1

(DO3)) and antisymmetric (NOas
2 , 1523 cm−1 (DMANA)

and 1523 cm−1 (DO3)) stretching modes of NO2, and
the C–N stretching mode of C-amino (C–N, 1311 cm−1

Fig. 4. Polarized FT-IR spectra of DMANA in PMMA (subtraction spec-
tra): upper panel (Z-direction) and lower panel (Y-direction), before irra-
diation (—) and during irradiation (---).

Fig. 5. Polarized FT-IR spectra of DO3 in PMMA (subtraction spectra):
upper panel (Z-direction) and lower panel (Y-direction), before irradiation
(—) and during irradiation (---).

(DMANA) and 1303 cm−1 (DO3)) [21,22]. Using the NOs2,
NOas

2 and C–N bands, Eq. (5) explained in Section 3 was
used for determining the orientation factors. From polarized
FT-IR spectra, the six data,EZ(NOs

2), EZ(NOas
2 ), EZ(C–N),

EY (NOs
2), EY (NOas

2 ), and EY (C–N) were utilized.α was
obtained by UV–VIS absorption.

In order to determine the orientation factors, we defined
the molecular-fixed co-ordinates for thetrans and cis iso-
mers, as shown in Fig. 6a and b, respectively [13]. The ab-
sorbance in this molecular framework can be determined as

AAA(NOs
2)

(t) =



Ax(NOs
2)

(t)

Ay(NOs
2)

(t)

Az(NOs
2)

(t)


 =




0
0
Az(NOs

2)
(t)


 ,

Fig. 6. Molecular axes for a (a)trans isomer and a (b)cis isomer: R=H
(DO3), CH3 (DMANA).
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AAA(NOas
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Ax(C–N)(c)

Ay(C–N)(c)

Az(C–N)(c)


 =




0
Ay(C–N)(c)

0


 . (6)

The orientation factors for each isomer can be estimated
by solving the simultaneous equations for three bands as
shown by

EF (NOs
2) = α

∑
f

K
(t)
Ff Af (NOs

2)
(t)

+(1 − α)
∑
f

K
(c)
Ff Af (NOs

2)
(c),

Fig. 7. Orientation factors: (a)K(t)
Zz of DMANA ( trans); (b) K

(t)
Zz of DO3 (trans); (c) K

(c)
Zf of DMANA ( cis) and (d)K(c)

Zf of DO3 (cis).

EF (NOas
2 ) = α

∑
f

K
(t)
Ff Af (NOas

2 )(t)

+(1 − α)
∑
f

K
(c)
Ff Af (NOas

2 )(c),

EF (C–N) = α
∑
f

K
(t)
Ff Af (C–N)(t)

+(1 − α)
∑
f

K
(c)
Ff Af (C–N)(c). (7)

Molecular axes for thetrans isomer were chosen so that the
molecule takes a planar structure in theyt–zt plane. The re-
lationshipK

(t)
Zx = K

(t)
Zy can be assumed since the direction

of thepp∗ transition moment is parallel to thezt-axis in the
present molecular framework. Thecis molecule is assumed
to take a structure with the two phenyl ring planes perpen-
dicular to each other as shown in Fig. 6b. It was shown in
the previous paper [13] that this assumption can be justified
with the result that the orientation factors so-determined are
almost the same wheneverp-NO2–C6H4 is azc–yc or azc–xc
plane.

The K
(t)
Zz and K

(c)
Zf (f : x, y, z) obtained here are shown

in Fig. 7a–d. In Fig. 7a and b,K(t)
Zz-values in thetrans iso-

mers should be 1/3 when the system is isotropic. For both
the azo-dyes, theK(t)

Zz-values are smaller than 1/3 during
irradiation, and they will recover to 1/3 on turning the light
off. This means that thetrans isomers with a small angle
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between theZ- and thezt-axis were excited selectively by lin-
earlyZ-polarized light. TheK(t)

Zz-value in DMANA/PMMA
was almost the same as that in DO3/PMMA, i.e. the
anisotropy was almost the same between them (Fig. 7a
and b). The result is also consistent with the fact that
the anisotropy ratio for DMANA obtained from polarized
UV–VIS spectroscopy was almost the same as that of
DO3, as shown in Table 1.K(t)

Zz is theoretically equal to
(2r+1)/3, wherer (the anisotropy ratio) is estimated by
(EZ(λmax)−EY (λmax))/(EZ(λmax)+2EY (λmax)) obtained
from polarized UV–VIS spectroscopy. The equality is
shown in two experimental values,K

(t)
Zz andr, in this study.

The rotational motion oftrans isomers is considered to be
restricted within a small free volume of PMMA [23,31,32].

For thecis isomer, theK(c)
Zf -value is indefinite at the ini-

tial stage (time: 0) because there is nocis molecule before
irradiation. Twenty seconds after turning the laser light off,
the mole fraction of thecis isomers for DMANA is less than
2% as shown in Fig. 3. Comparison of the orientation fac-
tors for thecis isomers between DMANA and DO3 is not
considered to be reliable because of the experimental error
obtained by a low concentration of thecis isomers. There-
fore, the data after turning the light off are omitted for the
cis isomer (Fig. 7c and d). TheK(c)

Zf -value is defined as an

average value by〈cos2 θf 〉 as written in Section 3.K(c)
Zf is

considered to reflect the averaged motion of azo molecules
in the photoisomerization process. Atrans molecule which
has the transition moment parallel to the polarization di-
rection of the laser light is excited selectively. If thetrans
molecule isomerizes without fixing a specific side into the
molecule or the rate of the rotational diffusion of a molecule
is very fast even in the polymer like in solvents, thecis
molecules are never oriented towards a certain direction and
anisotropy is not observed. However, we observed the po-
larized light-induced anisotropy of thecis forms. Therefore,
the molecule is considered to isomerize to thecis form by
the motion of the mobile side, i.e. (i) thep-NO2–C6H4 side
(amino side is fixed), (ii) thep-NR2–C6H4 side (NO2 side
is fixed), and (iii) both phenyl sides (N=N is fixed). In each
hypothesis, the magnitude ofK

(c)
Zf -values is as: (i)K(c)

Zy �
K

(c)
Zz , K

(c)
Zx , (ii) K

(c)
Zz � K

(c)
Zy , K

(c)
Zx , (iii) K

(c)
Zz = K

(c)
Zy > K

(c)
Zx .

During irradiation, in the case of DMANA, the
K

(c)
Zy -values became larger than theK

(c)
Zx- and K

(c)
Zz -values

in PMMA (Fig. 7c). The largerK(c)
Zy -values indicate that

there are a large number ofcis molecules with a small an-
gle between theZ- and theyc-axis. In other words, in the
cis form, p-N(CH3)2–C6H4 has the tendency to align with
Z-axis by motion of the NO2 group side in the isomerization
process. On the other hand, in the case of DO3/PMMA,
the K

(c)
Zz -values were found to be the largest of the three

orientation factors forcis isomers (Fig. 7d). The largerK(c)
Zz

means that, in thecis form, p-NO2–C6H4 tends to align with
the Z-axis by motion of the NH2 group side. From these
results, we can consider that thep-NO2–C6H4 group of

DMANA is more mobile than thep-N(CH3)2–C6H4 group.
In the case of DO3, thep-NH2–C6H4 group tends to move
and thep-NO2–C6H4 group does not move so easily. This
difference in behavior between DMANA and DO3 is proba-
bly due to difference in the volume ofp-substituents. Thus,
the motion of push–pull azo molecules is found to strongly
depend on the molecular structure of azo-dyes. Such results
can be understood by using polarized spectroscopic tech-
niques including the orientation factors as discussed here.

5. Conclusion

Push–pull azo-dyes are promising materials for new op-
tical switching elements, and in the substrates for liquid
crystal cell, films attached to azo-dyes can be utilized. In
spite of the important compounds, the relationships between
the molecular structure and the orientational behavior have
not been clarified sufficiently. In this study, the polarized
light-induced anisotropy of DMANA and DO3 molecules
was measured by polarized UV–VIS and FT-IR spectro-
scopies. Comparing the molecular structure of DMANA
with that of DO3, the structure of the two dyes is similar
except for the substituent at thepara position of a phenyl
group, i.e. the N(CH3)2 group for DMANA and the NH2
group for DO3. The anisotropies fortransforms were found
to be almost the same between DMANA and DO3. On
the contrary, the molecular orientation behavior for thecis
isomers of DMANA is found to be different from that of
DO3 from the orientation factors obtained from the polar-
ized FT-IR measurement. It was found that more DMANA
molecules can isomerize by the motion of thep-NO2–C6H4
group than by the motion of thep-N(CH3)2–C6H4 group.
On the other hand, a large number of DO3 molecules can
isomerize by the motion of thep-NH2–C6H4 group than that
of the p-NO2–C6H4 group. We consider that the result is
due to the relative volume between twop-substituents. This
study clarified the relationship between the orientational be-
havior ofcis forms and the molecular structure of azo-dyes.
The motion of push–pull azo molecules strongly depends on
the molecular structure of azo-dyes.
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