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Photochromism and Photoassisted Poling in
Polyimides

JEROME CHAUVIN, JACQUES A. DELAIRE and
KEITARO NAKATANI

PPSM, UMR 8531 of CNRS, Ecole Normale Supérieure de Cachan, 61 avenue du
President Wilson, 94235 CACHAN Cedex, FRANCE

Soluble side-chain polyimides bearing Disperse Red One groups (PI-DR1) have been synthe-
sized and characterised for second order nonlinear optics (second order NLO). Thermally ori-
ented samples show a very good orientational stability. In order to overcome the degradation
of DR1 inherent to the orientation process which is performed at 210°C, photoassisted poling
was carried out and the second harmonic generation signal measured during the poling. The
degradation ratio decreases to less than 2 % with this method, but there is also a decrease in
the orientational stability compared with thermally assisted poling. However, by carrying out
photoassisted poling at different temperatures varying from 20 to 150°C, it has been shown
that the second order susceptibility d33 increases, the degradation ratio keeps a low value, and
the orientational stability increases and becomes comparable with the one observed for ther-
mally poled samples provided the poling temperature is higher than 120°C. This last temper-
ature has been identified in a previous work as a secondary glass transition temperature for
this polyimide.

Keywords: polyimides; second order NLO; photoassisted poling; orientational stability; sec-
ondary glass transition temperature

INTRODUCTION

Second order NLO polymers and copolymers seem very promising for
applications in second harmonic generation (SHG) and electro-optical
modulationl ). One of the major problems to solve is the orientational stability of
the NLO active chromophores which always tend to disorient in initially oriented
films. Different solutions to this problem have been proposed and thoroughly
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explored; one approach is the use of polymers which can be cross-linked during
or after polingl2]-(7}. Another approach consists in using polymers or
copolymers with a high (primary) glass transition temperature (Tg®). In this
respect, polyimides(8] and copolyimides(91-(14] have been widely studied. We
have aiready described the synthesis and physical characterization of soluble
copolymers of NLO chromophores and polyimides[”]. Such copolyimides,
which have a high glass transition temperature (Tg% = 250°C), give long
orientational relaxation times. We have shown that thermally assisted poling
(TAP) at 210°C of films prepared from this material showed appreciable
degradation!{!6], On the contrary, films poled by photoassisted poling (PAP) at
room temperature showed much less degradation[!6]. PAP is based on the E
— Z — E photoisomerization reaction that occurs in DRI moiety. In this
paper, we want to explore in more details PAP performed at different
temperatures and to compare this method with TAP at 210°C with a particular
attention to the second order susceptibility, the degradation fraction and the
orientational stability of the poled samples.

EXPERIMENTAL

The synthesis of the soluble copolyimide PI-DRI has been described
elsewherel!5]. Its structure in Figure 1. The copolymer sample which will be
studied here has a chromophore content of 13.9 % (w/w), a number averaged
molecular weight of 33 600, a (primary) glass transition temperature Tg® of
250°C determined by thermomechanic analysis, and a decomposition
temperature of 270°C determined by thermogravimetric analysis. A
homopolyimide (PI in the text below ) was also synthesized with DR1 groups
replaced by OH in the structure of Fig.1. The Tg® of this polymer was slightly
higher (270°C) than for the copolymer. Furthermore, by dielectric loss
measurements at different frequencies, we put into evidence a subglass transition
temperature TgB around 120°C for this polymerl!7],

For the film preparation, the copolymer is dissolved in a mixture of
tetrahydrofuran (THF) / N-methyl 2-pyrrolidone (NMP) in a 4:1 v/v ratio, with
a polymer concentration of 6 % w/w. Films of polymers with thicknesses
ranging from 0.6 to 0.75 pm were spin cast on glass slides covered by ITO
from these solutions after filtration through a Millipore filter (pore size 0.5 pum).
They were first dried at 100°C for 30 minutes. After this step, physico-chemical
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characterization of the films shows that they are swollen with residual NMP
which plays the role of a plasticizer during poling.

Oyl
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:
Ao T Ok

PI-DR1
FIGURE 1 : Structure of the copolyimide PI-DR1.

The experimental set-up used to study the E — Z photoisomerization
reaction{17] of DRI consists of a pump beam at 547 nm (500 W middle
pressure xenon-mercury lamp) and a probe beam (75 W xenon arc) both with
nearly normal incidence to the sample. The probe beam was analyzed with a
photodiode array which allows to get one full spectrum every ten milliseconds.

For preparing films for SHG, non centrosymmetry is required. Two
poling methods have been used : TAP and PAP. For TAP, the above prepared
samples were heated at 210°C under nitrogen atmosphere. Then, an electric field
was applied by a corona discharge (electrode at a voltage of 6 kV and a distance
of 1 cm from the surface of the film) which was kept during 10 mn at 210°C
and then during all the cooling process towards room temperature (rate of
cooling : 0.5°C/mn). For photoisomerization measurements and PAP, the
sample was previously heated under vacuum at 120°C during 5 h in order to
eliminate any trace of solvent, then placed under the same corona discharge as
discussed above and simuitaneously irradiated with the circularly polarized light
of an Ar* ion laser (514 nm, 500 uW.cm-2) at normal incidencel!9]. The
sample was placed in a thermoregulated housing allowing on the same time
poling at variable temperatures between 20 and 150°C and in situ measurements
of SHG. The same housing was used (without the corona discharge and the Ar*
ion laser beam) for temperature studies of the relaxation processes.

The experimental method developed for determining independently the
degradation ratio § of the DR1 chromophores during the poling process and the
order parameter @ has been described previously[16] : it is based on absorption
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measurements at variable incidence and with polarized light. These absorption
measurements were made in a conventional spectrophotometer (Varian Cary V).
The experimental set-up for SHG measurements has already been
described(18], A nanosecond Nd:YAG laser (1064 nm, 1 mJ, 10 ns FWHM)
was used as the fundamental beam with p polarization. Assuming that the
second order susceptibility component d33 equals 3 times d3}, we determined
d33. The thermoregulated housing described above allowed in situ SHG
measurements during PAP at different temperatures or different temperature
cycles after TAP or PAP (see below). In all cases, the SHG signal was recorded
and averaged over 10 laser shots for every set of parameters on a fast numerical
oscilloscope (Tektronix TDS 620B) connected with a PC computer.

RESULTS AND DISCUSSION

P izati R1 imi
A PI-DR1 film prepared on a glass slide as described before was irradiated at
547 nm with a flux of 8.5 mW.cm 2. The change in transmission is registered
at 500 nm during and after irradiation. The irradiation time is 5 mn, which
allows to reach the steady-state. The decrease of the optical density at this
wavelength is attributed to E — Z conversionl!8]. After the end of irradiation,
there is a fast increase of absorbance due to the reverse thermal reaction which
concerns 90 % of the change in optical density, then a much slower increase
towards the initial value. The analysis of the fast component according to a
monoexponential law gives the main rate constant for this reaction. The E — Z
quantum yield is calculated from the initial slope of the change in optical density
at 500 nm with the following simplification :

- the Z isomer has a negligible concentration at the beginning of
irradiation, which allows to write :

d[Z] E
at = o EZI abs

where ®gz is the quantum yield for the E — Z reaction and Ifbs is the energy

(1)

absorbed by E species;
- the optical density (OD) of the sample does not vary at the beginning of
the irradiation, and is equal to the initial optical density ODg. Then, we can

write :
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-0OD
E _ ( 0) ]
I, =1 M- 10 )

where Ig is the incident energy. Coupling equations (1) and (2) gives the
following expression for ®gz :

AOD /At
Pz = 3)

10(1 - 10—0D°)(ez -ep)!

where AOD/At is the initial slope of the change in optical density, 1 is the cell
optical path and €z-€g the difference of extinction coefficients between the Z and
E isomers (these extinction coefficients are supposed to be the same as in
PMMA where they have been determined). Finally the quantum yield for the Z
— E reaction could be determined by applying the following steady state

relationship :
e ;1[E] -0D e,1(Z -OD,
O, v opn 10(1—10 )—(DETSSIO(I-IO )-kMk [Z1=0 “)

where ODygg is the steady state optical density and kpack the reverse thermal
reaction rate constant. From the determined values of ®gz and kback, the value
of dzg can be determined.

The values of ®gz, Oz and kp,ck are gathered in Table 1 and compared
with those determined in a PI film doped with DR1 10 % w/w (PI/DR1) and a
PMMA film doped with DR1 10 % w/w (PMMA/DR1){18],

TABLE I: Quantum yields and back thermal rate constant for
photoisomerization of DR1 in polymers.

PI-DR1 PI/DR1 PMMA/DR1
E-Z conversion ratio (%) 14.2 10.6 16.1
Prz 0.020 0.016 0.11018]
d7E 0.09 0.051 0.7(18]
kbﬁ-(s") 1.3 10! 1.2.10°! 1.5 10!

The above results show that the isomerization reaction of DRI in a rigid
matrix as polyimide is feasible. The quantum yield $gz is smaller for PI doped
with DR1 than for PMMA doped with DR1, but similar with the value obtained
for PI/DR 1. However, the back thermal reaction rate constants are similar for the
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three films. This similarity can be a consequence of the photoisomerization
reaction which creates a cavity around the chromophore, thus facilitating the
back isomerization, whatever the polymer is.

In-situ__photoassisted poling, orientation and degradation of
chromopheores

Figure 2 shows the absorption spectra before and after poling of a PI-DR1 film
prepared as described in the experimental part and poled thermally at 210°C.
These spectra are compared with those of a PMMA film doped with DR1 and
poled at 110°C. This figure shows that the spectrum of DR1 in PMMA taken
after poling presents the normal decrease in absorbance due to the alignment of
molecules (visible dichroism)[20} and a red shift attributed to the Stark effect(21],
PI-DR1 film also exhibits a larger decrease in absorbance but a blue shift of the
absorption maximum and an increase of the absorbance below 350 nm. We
interpreted both this shift and this increase of absorbance in the UV as being due
to a partial degradation of the DRI chromophore at 210°C. Indeed, previous
thermogravimetric analysis has shown that DRI starts to decompose at
200°C[22],

1 4 l

400 500 600
Wavelength (nm)

FIGURE 2 : Absorption spectra of a PMMA film doped with DR1

(curve a) and of a PI-DRI film (curve b). Full line : before poling;

dashed line : after TAP (110°C in curve a, 210°C in curve b); dotted line :
after PAP at room temperature.

400 500 00

By measuring the absorbance of the films under polarized light and at
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variable incidence angle, we have been able to measure independantly the
degradation ratio & (fraction of molecules degraded during thermal poling) and
the order parameter ®, equal to the mean value of the second Legendre
polynomial <P2> (<P2>= 1/2 <3cos20 - 1>, 0 being the angle between the
direction of the poling field and the dipole moment of the chromophore)! 161, For
the previously described PI-DR1 film, the fraction § was estimated to be 11 %
and the order parameter @ =3 %. So the degradation ratio can be substantial
after poling. For that reason, we investigated another method of poling, namely
photoassisted poling (PAP). This method is based on the E —» Z
photoisomerization reaction of DR1 : under excitation by a circularly polarized
light at normal incidence, the chromophores tend to orient in a direction
perpendicular to the plane of the film; if an electrostatic field is simultaneously
applied, the dipoles align preferentially in the direction of the field, which creates
non centrosymmetry[231-(28],

Figure 3 presents the SHG intensity during PAP of a PI-DR1 film at
room temperature. This signal shows four distinct steps : during step 1, under
the static electric field generated by a corona discharge, there is a fast increase of
the SHG signal, followed by a slight decay, which is in fact due to an EFISH
contribution (polarization term x()EgEq?2 which generates second harmonic
generation without orientation of dipoles); during step 2, when both static
electric field and visible laser light are on, there is an increase of the SHG
intensity due to the photoinduced orientation of dipoles stimulated by the E —» Z
reaction; during step 3, when the visible irradiation is switched off, there is a
fast increase of the SHG intensity, mainly due to the back thermal Z - E
reaction of DRI, and finally, during step 4, the SHG signal stabilizes to a high
value after a relatively fast decay (2 to 3 mn) due to the annihilation of the
electric field associated with the flow of surface charges towards ground.

We determined absolute values of second order susceptibilities and also
order parameters and degradation ratios by the same method as above. The
values are gathered on Table 2 and compared with the corresponding ones
obtained for the same films prepared by TAP. The d33 value measured after PAP
at room temperature (11 pm/V) is lower than the one observed after TAP at
210°C (37 pm/V), but the degradation ratio is much lower (2 % for PAP,
compared to 11 % for TAP).
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FIGURE 3 : SHG signal of a PI-DR1 film measured in-situ during and
after PAP at room temperature (fundamental wavelength : 1064 nm).

In order to increase the poor efficiency of PAP when performed at room
temperature in this very rigid matrix, we increased the temperature at which PAP
was done. For this purpose, the temperature of the film was rapidly increased to
some fixed value (150°C or below), which is still far below Tg, and then both
electric field and visible light were applied on the film. After switching off the
visible light, the temperature was decreased towards room temperature and the
electric field was maintained as long as the temperature was higher than 30°C.
The electric field was then switched off. Figure 4 gives an example of SHG
signals obtained during PAP and TAP of a PI-DR1 film at 150°C. This figure
shows that PAP at 150°C leads to a SHG signal larger than TAP at the same
temperature. However it is worthwhile to note that, in spite of the high Tg® of
this copolymer, it is possible to pole it at temperatures larger than 120°C, which
corresponds to the above mentionned Tgﬁ, which is still far below Tg®. In
addition, on both curves of PAP and TAP, we observe a significant decay of the
SHG signal during cooling of the sample from 150°C towards room temperature
under an applied electric field. This decay could be due to different origins. The
first hypothesis was that the dipoles disorient upon cooling, which is unrealistic;
the second hypothesis was that the refractive indices of the copolymer at
fundamental and second harmonic wavelengths (ng and nag) change with
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temperature, which leads to a change in SHG intensity : a blank experiment
made on the SHG intensity of a film initially poled by TAP at 210°C shows that
its intensity increases when the temperature decreases from 150 to 30°C; so this
hypothesis does not hold. Finally, we retained a third hypothesis which was that
the EFISHG term (polarisation ¥(3)EgE2) decreased with temperature. As the
tensor terms of (3 are mainly independant of temperature, as well as the E¢,2
term, we are forced to admit that the applied film Eq due to the corona field is
decreasing with temperature. The physical reason is not clear, but it has been
already observed in other doped polyimides(291,{30], and in hybrid sol-gel
materials(31],

1 Electric field
_ZJ 150°C L
———\“—\_\ 30°C  Tempersture

3| I Ars Laser

Photoassisted poling & 150°C

Thermally assisted poling st 150°C

SHG intensity (relstive units)
[

hrd
+

0 500 1000 1500 2000
——Lime (seconds)

FIGURE 4 : SHG signal of a PI-DR1 film measured in-situ during and
after PAP at 150°C (upper curve) and TAP at 150°C (lower curve)
(fundamental wavelength : 1064 nm). PAP : 1, 2 and 3 applied; TAP: 1
and 2 applied.

Finally, Table 2 compares d33 values (measured at 1064 nm) for a series
of PI-DR1 films prepared in the same conditions and poled in different
conditions. These results show that SHG efficiency is increased when PAP is
made at high temperature. For example, it is possible to get a higher d33 value
by PAP at 150°C than by TAP at 210°C, which shows the efficiency of PAP.
Figure 5 shows that the increase in d33 with the poling temperature presents a
transition temperature which coincides with TgB. Furthermore, the degradation
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ratio of the chromophores in samples poled by PAP has the same value (= 2 %)
whatever the poling temperature is.
TABLE II: Comparison between d33 values (at 1064 nm), order
parameters and degradation ratios of a series of PI-DR1 films.
Method of Poling PAP PAP | PAP | PAP | PAP | TAP
Poling Temp. (°C) 25 50 90 120 150 | 210
Film thickness (nm) 580 650 510 540 560 | 850
Order parameter 6 % 7% 4% [ 82%| 5% | 3%
Degradation ratio 2% 1.5%|122%125%}24%|11%
d33 at 1064 nm (pm/VY 11 17 26 30 47 37
50
40,
& s0f
]
=}
8 20
~
10 160
Tempersture (°C)
FIGURE 5: SHG efficiency of PAP as a function of the poling
temperature.
1 i h

PAP has been demonstrated to be as efficient as TAP in preparing oriented films
of PI-DR1. However, the question arises whether the orientational stability has
been preserved with this new way of poling. In order to check this stability, we
measured SHG intensity of films poled in different ways and heated gradually at
a constant rate of 5°C/mn. In-situ SHG decay measurements of films oriented by
PAP at different temperatures and by TAP at 210°C are reported on Figure 6.
The film prepared by TAP disorients at 120°C, which is near the secondary glass
transition temperature Tgﬁ. The film prepared by PAP at room temperature
relaxes at a much lower temperature (55°C). This observation has already been
made by Blanchard and Mitchell in a PMMA matrix doped with DR1128]. The
interesting feature of Figure 6 is the increase in orientational stability of the PI-
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FIGURE 6 : Decay of SHG intensity following orientational relaxation of
PI-DR1 films poled in different conditions. 1 : PAP at room temperature;
2: PAP at 90°C; 3 : PAP at 120°C; 4 : PAP at 150°C; 5: TAP at 210°C.

It comes out that a film poled by PAP at 150°C is as stable as a film poled
by TAP at 210°C. Once again, it appears a threshold poling temperature around
120°C, above which the stability of the film is strongly increased. This
observation can be explained if we consider that, at room temperature,
photoisomerization reaction induces additional free volume which is freezed at
this temperature and which will lead to a limited stability. At temperatures above
Tgﬁ, local movements of the polymer chains become possible, which make
chromophore orientation easier. Moreover, local rearrangements of the polymer
chain around the oriented chromophore will occur inside the microcavity created
by the isomerization reaction; they are possible above Tgﬁ, which explains the
better stability. The increased stability of PAP when increasing the poling
temperature has also been described by Bauer-Gogonea et al.[32133], The role of
B transitions on orientational relaxation of NLO chromophores has been put into
evidence in acrylic and epoxy polymers/34]-(36]; it has been shown that this
relaxation can be strongly induced by these transitions due to local movements
of the side chain groups. In some aromatic polyimides, such a secondary
transition has also been observed and attributed to the oscillations or rotations of
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phenyl groups(37]. In our case, on the basis of the activation energy measured
for this transition, we attributed this subglass transition to the breaking of
hydrogen bonds between two different chains through residual OH groupsl17].

CONCLUSION

We have shown that soluble copolyimides containing azo chromophores for
second order NLO can be easily oriented by photoassisted poling at different
temperatures lower than the main glass transition temperature. This method uses
the reversible E — Z photoisomerization reaction of the azo dye, which occurs
readily in polyimide, although with quantum yields five times lower than in
PMMA matrix. The thermal degradation of the DR1 chromophores which
follows photoassisted poling is much lower than for thermally assisted poling,
and does not vary with the poling temperature (for T < 150°C). However, the
second order susceptibilities measured after photoassisted poling at 150°C are
higher than those measured after thermally assisted poling at 210°C, for
equivalent orientational stability of the poled films. Photoassisted poling may be
useful to prepare optically active circuits like electro-optical modulators.
Deriving benefit from the easiness of the photochemical reaction and from the
stability of the matrix, all-optical poling[38] can also be achieved in these
copolymers(39),
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