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ABSTRACT: This paper presents a new class of nonlinear optical (NLO) polyimide for second harmonic
generation (SHG). This new class of NLO polyimide consists of 2,4-diamino-4′-nitroazobenzene (2R-
DIAMINE) with 3,3′4,4′-benzophenonetetracarboxylic dianhydride, in which the NLO dipole moment is
aligned transverse to the main chain. 2R-DIAMINE was prepared from m-phenylenediamine with
p-nitroaniline. The time dependence of the decay was found to be well-fitted by a Kohlrausch-Williams-
Watts stretched exponential function. The difference of the orientational relaxation among the samples
with different glass transition temperatures can be compared using the scaling relation of τ ) A′ exp[(T0

- T)/T] in which τ is the relaxation time and T0 is the effective transition temperature for SHG activity.
T0 is in good agreement with the corresponding glass transition temperature. Enhanced orientational
stability of the aligned NLO chromophore is ascribed to the rigid structure of the polyimide backbone.
For the orientational relaxation at 100 °C, a relaxation time of over 50 years could be estimated, and a
relaxation time of 3.8 years could be obtained at a higher temperature of 150 °C.

Introduction
Nonlinear optical (NLO) properties of polymeric ma-

terials have attracted extensive attention because of
their potential applications to frequency doubling for
data storage, electrooptic modulation for optical tele-
communication and optical interconnects, and inte-
grated optics.

For practical applications, long-term chemical and
orientational stabilities of polymeric NLO materials are
required at the operating temperatures which may vary
between 80 and 125 °C depending on the configuration
and application.1,2 When polymeric NLO materials are
fabricated as electrooptic devices, they may also be
exposed to temperatures of ca. 200-250 °C for a short
period of time.1,2 As a minimum requirement, the
orientational stability of aligned NLO chromophores at
80-125 °C for long periods of time is required. Several
strategies have been suggested to achieve this goal. One
approach is the use of the extensive cross-linking or
network formation in NLO polymeric materials which
suppresses the reorientation of the NLO chromo-
phores.3-7 Another approach is the utilization of high
glass transition temperature (Tg) polymers, such as
polyimides.8-10

Recently, we have synthesized a new type of polymer
whose NLO chromophore is aligned transverse to the
main chain: part of the NLO moiety is embedded in the
polymer main chain, and its dipole moment extends
transverse to the backbone.11-13

In this paper, we present the synthesis and the
measure of second-order optical nonlinearity of the new
NLO polyimide whose dipole moment aligns transverse
to the polyimide backbone. The orientational stability
of aligned NLO chromophores which generate the
second harmonic (SH) light is discussed in relation to
the rigid structure of the polyimide backbone.

Experimental Section
Monomers. 2,4-Diamino-4′-nitroazobenzene (2R-DIAMINE)

was selected as the NLO chromophore. 2R-DIAMINE was

synthesized via the one-step diazonium coupling reaction of
p-nitrobenzene diazonium chloride with m-phenylenediamine
as shown in Scheme 1. A solution of sodium nitrite (1.41 g,
0.0205 mol) in 3.0 mL of water was added dropwise with
stirring to a cooled solution of p-nitroaniline (2.88 g, 0.0208
mol) dissolved in 5.25 mL of 35% hydrochloric acid and 20.0
mL of water at a temperature between 0 and 5 °C for 15 min.
The diazonium salt obtained was coupled with m-phenylene-
diamine (2.18 g, 0.0202 mol) dissolved in 1.80 mL of 35%
hydrochloric acid and 15.0 mL of water at a temperature
between 0 and 5 °C over 30 min. Then sodium acetate (2.30
g, 0.028 mol) was added, the solution was left in an ice bath
for 1 h, additional sodium acetate (2.30 g, 0.028 mol) was
added, and the reaction mixture was left for 0.5 h. After the
temperature was raised to room temperature, a 20% sodium
hydroxide solution was added until the pH of solution reached
7 and the mixture was stirred at room temperature for 1 h.
The resultant 2R-DIAMINE monomer was washed with water
and recrystallized from ethanol. Figure 1 shows the 1H NMR
spectrum of 2R-DIAMINE measured in acetone-d6 at 20 °C.
Elemental analysis gives the following composition: C, 55.76;
H, 4.31; O, 26.54; N, 13.12. This is compared with the
calculated values: C, 56.03; H, 4.31; O, 27.22; N, 12.44.
3,3′,4,4′-Benzophenonetetracarboxylic dianhydride (W) was
used as received.

Preparation of Poly(amic acid) and Film Processing.
The synthetic scheme of polyimide (2RW) is shown in Scheme* To whom all correspondence should be addressed.

Scheme 1
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2. 2R-DIAMINE (0.50 g, 1.95 mmol) was reacted with W (0.63
g, 1.95 mmol) in distilled N-methyl-2-pyrrolidone (NMP) first
at a temperature between 0 and 5 °C for 4 h and then at room
temperature for 15 h to prepare a poly(amic acid) solution.
Poly(amic acid) films were cast on an indium tin oxide (ITO)
coated glass substrate from the poly(amic acid) solution diluted
by distilled NMP. After the cast films were dried at 45 °C for
12 h, they were subjected to concurrent in situ poling and
imidization. The polyimide films (2RW) had thicknesses
ranging between 2 and 6 µm.

In Situ Poling and Simultaneous Imidization. A two-
step corona poling process was employed to orient the NLO
chromophore. The distance between tungsten wire used for
corona poling and the sample was 1.4 cm. The diameter of
tungsten wire is 0.1 L. In the first poling process, the sample
was heated to a given temperature between 140 and 200 °C
at a heating rate of 10 °C/min and successively held at those
temperatures for 1 h, while high voltage between 5.0 and 7.0
kV was applied to a corona wire. In the second poling process,
the temperature was increased to a temperature between 200
and 260 °C at a heating rate of 10 °C/min and held at this
temperature for 30 min in the corona field. Finally the sample
was cooled to room temperature in the presence of the poling
field. Appropriate first and second poling temperatures are
reported in the Results and Discussion section.

SHG Measurements. The Maker fringe method14,15 was
employed to measure the SH intensity in the poled films. The
laser source was a Continuum model Surelite-10 Q-switched
Nd:YAG pulse laser with a 1064-nm p-polarized fundamental
beam (320-mJ maximum energy, 7-ns pulse width, and 10-Hz
repeating rate). The SH wave generated in the film was
detected by a photomultiplier. The SH signal was averaged
in a gated integrator and boxcar averager module and trans-
ferred to a microcomputer through an interface module. The
experimental procedure is described in refs 16 and 17.

Characterization. Ultraviolet-visible spectra of the films
were measured on a Shimadzu model UV-2101PC spectropho-
tometer. The m-line method using a prism coupling apparatus
was employed to measure the refractive indices of the films.
The laser sources were a polarized He-Ne laser (632.8 nm)
and a laser diode (830 nm). The prism was a TaFD21 (HOYA
glass) with a high refractive index (1.92588 at 632.8 nm), to
which the spin-coated or cast film was coupled via an air gap.
Guided-wave spectra (m lines) were recorded and the refractive
indices calculated. Nuclear magnetic resonances (NMR) were
measured using TMS as an internal standard at 20 °C using
a Varian model Gemini-200. Differential scanning calorimetry
(DSC) was carried out at a heating rate of 10 °C/min in a
nitrogen atmosphere, using a Perkin-Elmer DSC7 instrument
controlled by a 1020 TA workstation. Thermogravimetric
analysis (TGA) was performed with a Shimadzu model DT-30
thermogravimetric analyzer at a heating rate of 10 °C/min in
a nitrogen atmosphere.

Results and Discussion
Polymer Structure. Polyimide films (2RW) were

prepared by casting the poly(amic acid) solutions.
Thermal imidization is affected first by heating the
sample to 160 °C with simultaneous poling and finally
by heating it to 200, 230, and 260 °C with simultaneous
poling. Figure 2 shows the UV-vis absorption spectra
for the 2RW polyimide, 2R-DIAMINE and a polyamide-
prepared from 2R-DIAMINE and sebacic acid (2R10).
The spectrum of 2R-DIAMINE was measured in an
ethanol solution, and the other two spectra were mea-
sured on films. Absorption maxima λmax are 500 nm
for 2R-DIAMINE, 420 nm for 2R10, and 350 nm for
2RW. Significant blue shift of λmax in 2RW is ascribed
to the reduced electron-donating ability of amino groups
upon conversion to the imides; the strongest electron
donating substituent is the amino group (-NH2), fol-
lowed by the amide group (-NHCO-), and finally the
imide group (-N(CO)2-). Figure 3 shows the DSC
thermogram for 2RW imidized at various temperatures
ranging between 200 and 260 °C. Increasing the final
imidization temperature leads to an increase of the glass
transition temperature (Tg). The difference between the
measurement temperature and Tg is related to the
orientational stability of aligned NLO chromophores in
the poled polymer films (vide infra).

Refractive Indices. The refractive indices (RI) for
the transverse electric field (TE) mode are measured
using the m-line method at wavelengths of 632.8 and
830 nm. The RI values for the unpoled 2RW film at
these wavelengths are listed in Table 1. The wave-
length dispersion of the RI, nf (λ), can be fitted to a one-
oscillator Sellmeier-dispersion formula

where λ0 is the absorption wavelength of the dominant
oscillator, q is a measure of the oscillator strength, and
A is a constant containing the sum of all of the other
oscillators. Figure 4 shows the RI data at 632.8 and
830 nm and the predicted curve of the RI wavelength
dispersion calculated from eq 1 with λ0 ) 350 nm. The
RI values at 532 and 1064 nm obtained from the
calculated curve, which are also listed in Table 1, are
used for the calculation of SH coefficients.

Optimum Poling Conditions for SHG. The SH
coefficients for 2RW are measured relative to a Y-cut
quartz plate (d11 ) 1.2 × 10-9 esu (0.5 pm/V)). Typical
Maker fringe patterns were observed for both p-polar-
ized and s-polarized fundamental beams. These are
shown for the samples poled at 6.0 kV at 160 °C for 1 h
and finally at 200 °C for 30 min in Figure 5. It is
important to optimize the poling condition (poling
voltage, temperature, and time) to obtain a maximum
SH signal. The poling time was fixed for 1 h because
the SH coefficient was leveled out at the time above 1
h. The SH coefficient increases with the applied voltage
up to a point but decreases slightly above 6 kV as shown
in Figure 6 a. As shown in Figure 6b, the initial poling
temperature of 160 °C produces the maximum d33 value.
The final poling temperature was fixed at 200 °C for 30
min. Optimum poling conditions were 6.0-kV poling
voltage with an initial temperature of 160 °C and a final
poling temperature of 200 °C.

Thermal Stability of SHG Activity. Figure 7
shows the long-term thermal stability of d33 when the

Figure 1. 1H NMR spectrum of 2R-DIAMINE measured in
acetone-d6 at 20 °C.

nf
2(λ) - 1 ) q

1/λ0
2 - 1/λ2

+ A (1)
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film is heated to 100 (a) and 150 °C (b). The plot in the
figure is the normalized second harmonic coefficient d33.
The polymer 2RW has excellent long-term orientational
stability at 100 °C after a small activity loss within a

few hours after poling. The orientational stability of
2RW is also good at 150 °C.

The time-dependent decay of SHG activity can be
expressed by either a Kohlrausch-Williams-Watts
(KWW) stretched exponential form or a sum of two
exponential fits. Both expressions are often used to
characterize the orientational relaxation of NLO dipoles
in polymeric matrices. As pointed out in our previous
report,13 the time-dependent decay curves are fitted well
by either form; however, the sum of two exponentials
requires three fitting parameters instead of two for a
KWW stretched exponential fit. A physical model
involving two distinct exponents for the shorter and
longer time constants leads to complexities for charac-
terizing the molecular motion of NLO chromophores in
amorphous polymer matrices. In the present case, a

Scheme 2

Figure 2. UV-vis absorption spectra for 2RW polyimide, 2R-
DIAMINE, and 2R10 polyamide.

Figure 3. DSC thermograms for the samples imidized at
different temperatures of 200, 230, and 260 °C.

Table 1. Refractive Indices for Samples Measured at
632.8 and 830 nm and Predicted Values at 532 and 1064

nm Using the Sellmeier Equation with λ0 ) 350 nm

wavelength(nm)

sample 632.8 830 532 1064

2RW 1.7157 1.6980 1.7408 1.6905

Figure 4. Plot of RI at wavelengths of 632.8 and 830 nm and
the predicted curve (solid curve) of the RI wavelength disper-
sion calculated from eq 1 with λ0 ) 350 nm.
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KWW stretched exponential fit is employed to charac-
terize the relaxation of the aligned NLO chromophores
in 2RW:

where τ is the characteristic relaxation time and â is a
measure of width of the distribution of relaxation times
and the extent of deviation from a single-exponential
behavior. When â ) 1, the time-dependent decay
corresponds to a single-exponential decay profile. The
characteristic relaxation time τ is the time required for
the system to decay to 1/e of its initial value. The solid
curve in Figure 7 is the fitted curve using the KWW
stretched exponential form. Each time-dependent decay
curve can be fitted well by the KWW stretched expo-
nential curves with appropriate relaxation time τ and
â values as fitting parameters for each temperatures.
Table 2 summarizes the obtained τ and â values for both

temperatures. It is noted that the characteristic relax-
ation time for 2RW at 100 °C is 1.67 × 109 s ()52.9 year)
and this relaxation time is enough for most practical
operations.

Effect of Final Poling Temperature on SHG
Activity. Figure 8 shows the dynamic thermal profiles
of d33 vs annealing temperature for 2RW films with final
poling temperatures of 200 and 230 °C. The plots in
the figure are normalized d33 values. The effective
transition temperatures, T0, representing an onset
decay temperature are 174 and 200 °C for the samples
poled at 200 and 230 °C, respectively. T0 definitely
increases with increasing final poling temperature.
This means that the orientational stability of the aligned
NLO chromophore is significantly enhanced by the
increase in the final poling temperature. This enhance-
ment is reflected by the observed difference in the
reorientational relaxation times of samples held at a
fixed temperature of 150 °C as listed in Table 3. This
enhancement of the orientational stability of the aligned
NLO chromophore is apparently related to the degree
of the imidization. The degree of imidization can be
estimated from the glass transition temperatures, Tg,
determined by DSC as shown in Figure 3. Higher
poling (annealing) temperatures lead to higher glass
transition temperatures, i.e., more imidization. As

Figure 5. Typical Maker fringe pattern of sample film poled
at 6.0 kV at 160 °C for 1 h and finally at 200 °C for 30 min.

a

b

Figure 6. Poling condition of 2RW: (a) Change of d33 values
when the corona voltage is varied from 5 to 7 kV. The initial
and final poling temperatures are 160 and 200 °C, respectively.
(b) Change of d33 values when the initial poling temperature
is varied from 140 to 200 °C.

d ) d0 exp(-(t/τ)â) (0 < â e 1) (2)

a

b

Figure 7. Long-term thermal stability of d33 values when
sample film is stored at 100 (a) and 150 °C (b).

Table 2. Relaxation Time τ (s) and â Values for Samples
Obtained from the Appropriate Fitting of the KWW

Stretched Exponential Function

holding temperature (°C)

100 150

τ value (s) 1.67 × 109 9.3 × 106

â value 0.28 0.33
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described in our previous paper,13 the scaling relation-
ship2,8 of

is proposed, where A′ is a constant and T0 is the effective
transition temperature for SHG activity. This relation-
ship may be used to predict the orientational relaxation
of NLO moieties in polymers with different transition
temperatures. Figure 9 shows the scaling plot of the
relaxation times in the present system calculated from
eq 3 with T0 ) 174, 200, and 240 °C for the samples

with final poling temperatures of 200, 230, and 260 °C,
respectively. These T0’s should be closely related to the
glass transition temperature Tg of the polymers. In-
deed, T0’s are in good agreement with the corresponding
Tg values listed in Figure 3.

The d33 value decreases with an increase of the final
poling temperature. This behavior is shown in Figure
10. The changes of the UV-vis absorption spectra are
shown upon annealing at higher temperature in Figure
11. It is clear that the absorption around 500 nm is
decreased and that at 350 nm is increased with an
increase in the annealing temperature. These changes
in the absorption spectra suggest that the apparent
hyperpolarizability of the NLO chromophore in polyim-
ide is decreased. As described above, the electron-
donating ability of the imide linkage is weaker, which
leads to a lower hyperpolarizability of the azobenzene
NLO chromophore. Thermogravimetric results show
that no weight loss was measured up to 300 °C. There-
fore, it is not likely that the depression of SHG activities
is based on the decomposition of the NLO chromophore
due to the exposure to higher temperatures.

Conclusion
The combination of the imide linkage and the NLO

chromophore whose dipole moment aligns transversely
to the backbone gave rise to a new type of NLO
polyimide. Orientational relaxation of the NLO chro-
mophore was investigated for the sample poled at
different final temperatures. The time dependence of
the decay was found to be well represented by a KWW
stretched exponential function. The difference of the
orientational relaxation among the samples with dif-
ferent glass transition temperatures can be compared

a

b

Figure 8. Dependence of d33 on the annealing temperature
for the sample poled at 200 (a) and 230 °C (b).

Table 3. Relaxation Time τ and â Value for 2RW with
Different Final Poling Temperatures (Holding

Temperature Is 150 °C)

final poling temperature (°C)

200 220 230 260

τ value (s) 9.3 × 106 2.1 × 107 3.9 × 107 1.2 × 108

â value 0.33 0.27 0.26 0.28

Figure 9. Scaling plot of logarithmic τ vs (T - T0)/T.

τ(T) ) A′ exp(T0 - T
T ) (3)

Figure 10. Dependence of d33 on the final poling temperature.
The final poling time is fixed at 30 min. The initial poling
temperature and time are 160 °C and 1 h, respectively. The
poling field is 6.0 kV.

Figure 11. Changes of UV-vis absorption spectra when the
annealing temperature is varied.
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using the scaling relation. Enhanced orientational
stability of the aligned NLO chromophore is ascribed
to the rigid structure of the polyimide backbone. Larger
degrees of imidization cause the more enhanced orien-
tational stability of the aligned NLO chromophore, but
simultaneously the NLO activity is dramatically re-
duced with increasing imidization. Further study, for
example, the introduction of an electron-donating group
in the NLO moiety, should be considered to overcome
this conflict of interest.
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