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Polyurethane Elastomers with Azobenzene Chromophore in the Hard
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ABSTRACT: A series of polyurethane elastomers containing aromatic azobenzene chromophore in the
hard segment was synthesized by a one-step method. AFM surface study showed that particles on the
order of 100 nm to several micrometers appeared after annealing the polymer films. Birefringence was
induced in these polymer elastomers. The stability of the photoinduced birefringence could be improved
significantly by annealing the polymer films. This also induced microphase separation. The effects of azo
contents and molecular weight of soft segments were investigated. Dynamic study shows that photoin-
ducing rate decreased while relaxation rate increased after annealing. Surface relief gratings could be
induced only on the pure polyurethane and the elastomer containing 75% bis(azo)—diol. Only a reversible
volume hologram was observed for the other elastomers.

Introduction

In recent years azobenzene-containing organic and
polymeric materials have been the subject of intensive
research due to their potential applications in photonics.
Birefringence and surface relief gratings can be optically
induced in various forms of these materials, such as
polymer matrixes doped with azo dyes,*? liquid-crystal-
line azopolymers,®~7 and amorphous azopolymers.8-10
Irradiation with linearly polarized light induces a
macroscopic alignment of the azobenzene groups with
their molecular long axis perpendicular to the polariza-
tion direction of the incident light. This is thought to
be a result of multiple trans—cis—trans photoisomer-
ization cycles. In addition irradiation with coherent
interfering laser beams generates sinusoidal surface
relief gratings as a result of massive movement of the
polymer material.

Previous studies in our laboratory have demonstrated
that large birefringence and deep surface relief gratings
could be induced in amorphous polymers with relatively
high glass transition temperatures (Ty).!* The amor-
phous homopolymers and copolymers studied so far
were homogeneous systems.!! Heterogeneous systems
with azobenzene groups located in a phase separated
from the matrix may allow better three-dimensional
optical access. Given a photoactive phase that is well
dispersed within an “inert” matrix, we can prepare
samples with low absorbance but with high local
concentration of azobenzene groups for three-dimen-
sional optical storage. Moreover, the study of the phase-
separated systems might help us understand the mech-
anism for surface relief grating formation.

Segmented polyurethane with alternating sequences
of hard and soft segments is an important class of
thermoplastic elastomers.’213 The thermodynamic in-
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compatibility between the hard and soft segments
normally results in a microphase-separated structure.
Therefore, a simple way to develop the phase-separated
materials is to incorporate azobenzene groups into the
hard segment of a polyurethane elastomer. The distri-
bution of the hard segments can be tailored by control-
ling the ratio of the hard to soft segments and the length
of the soft segment. Furthermore, the soft segment can
be easily designed to be optically transparent. In this
study, a series of polyurethane elastomers was synthe-
sized and characterized. Photoinduced birefringence was
investigated as a function of length and feed ratio of
the soft segment. Holographic gratings were examined
on these heterogeneous systems.

Experimental Section

The synthesis of polyurethane elastomers is outlined in
Scheme 1. 2,4-Tolylene diisocyanate (2,4-TDI) and the polym-
erization solvent N,N-dimethylformamide (DMF, 99.8%, an-
hydrous) were received from Aldrich Chemical Co. and used
without further purification. Poly(tetramethylene oxides)
(PTMO; M, = 650, 1000, and 2000; Aldrich) were dried in a
vacuum for 2 days at 70 °C before using. The bis(azo)—diol
monomer, (((((2-hydroxyethyl)ethyl)amino)phenyl)diazenyl)-
phenyl sulfone, was synthesized by diazotization reaction and
followed by coupling with aniline.4

UV—vis spectra were recorded on a Hewlett-Packard UV—
vis spectrometer in DMF at room temperature. Gel permeation
chromatography (GPC) analysis was performed on a Water
Associates liquid chromatograph equipped with a model R401
differential refractometer using polystyrene as standards. THF
was used as the eluent. Differential scanning calorimetry
(DSC) measurements were done on a Perkin-Elmer DSC-6
under nitrogen atmosphere using a heating rate of 10 °C/min.
The results were summarized in Table 1.

Thin films of the polyurethane elastomers were obtained
by dissolving the elastomers in THF at different concentration.
The solutions were filtered with 0.45 um syringe filters and
then spin-coated onto clear glass substrates with the rate of
1000 rpm. The films were allowed to dry in a vacuum oven at
room temperature for 24 h. These were referred to as fresh
films. Some films were annealed in a vacuum oven at 170 °C
for another 24 h, which are the annealed films. After anneal-
ing, the films were allowed to cool to room temperature very
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Table 1. Synthesis and Properties of the Polymers

polymer azo in diols (wt %) M, of PTMO yield (%) azo content (wt %) Mp Mw/Mpn film thickness (nm)
PU2 100 77 -- (78) 22 000 2.1 110+ 5
PU2b75 75 1000 88 56 (60) 26 000 24 260+ 5
PU2a50 50 650 92 39 (39) 33000 24 420 + 10
PU2b50 50 1000 87 40 (41) 34 000 2.3 430 + 10
PU2c50 50 2000 89 42 (42) 34 000 2.4 400 + 10
PU2b25 25 1000 82 19 (21) 26 000 2.2 680 + 20
PU2b15 15 1000 85 11 (13) 41 000 2.2 810 + 20
a2 The number in brace was calculated from the feed ratio.
slowly. The thickness of the films was measured by ellipsom- 1.0

etry. The surface of the polymer films has been checked with
a Nanoscope Il atomic force microscopy (AFM) with contact
mode. Nanoindentations were performed on elastomer an-
nealed films with a Nanoscope E AFM using a diamond tip to
determine the soft and hard domains.

The procedure for measuring the optically induced birefrin-
gence has been previously described.® Homogeneous films were
used for the birefringence measurement and the thickness was
varied from 100 to 800 nm to maintain similar absorbance.
An argon laser (488 nm) with an irradiance of 65 mW/cm? was
used as a writing light source. The birefringence was detected
using a diode laser beam at 674 nm as a probe.

Surface profile gratings with a spacing of 1 um were
inscribed using contracircularly polarized interfering beams
with the intensity of 250 mW/cm?. Details about the optical
setup can be found elsewhere.® A diode laser at 674 nm was
again used as probe, and the dynamic diffraction efficiency of
the first diffracted order was measured with a time resolution
of 1 point/s.

Results and Discussion

Synthesis and Characterization. The polyure-
thane elastomers were prepared by a one-step method
between diisocyanate and diols (Scheme 1). The diol
monomers are an aromatic bis(azo)—diol and PTMO
with the number-average molecular weight of 650, 1000,
and 2000. The reaction was carried out in DMF solution
at 85 °C for 48 h. Polymers were isolated by precipita-
tion into excess methanol and purified by reprecipitation
from DMF solution into methanol. Changing the mo-
lecular weight and the feed ratio of PTMO, as listed in
Table 1, allowed a series of elastomers to be synthesized.
To be consistent with our previous publication,* the
model polymer without PTMO soft segments is named
as PU2. For the elastomers, the last figure in the
abbreviation represents the weight percent in the feed
of the aromatic bis(azo)—diol in total diols, and a—c
indicate PTMO with molecular weights of 650, 1000,
and 2000, respectively. In each case, yield was higher
than 75%. Molecular weight of the polyurethane elas-
tomers varied from 26 000 to 41 000, which is compa-
rable to those of conventional polyurethane elastomers.
The polydispersity is less than 2.5 as expected for
conventional condensation polymerization. Figure 1
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Figure 1. UV-visible spectra of the pure PU2 and the
elastomer PU2b50 in DMF solution.

shows UV-—visible spectra of the pure PU2 and one
example of the elastomers PU2b50 in DMF solution.

A symmetric absorption band at 488 nm is assigned
to the #0Ox* transition of the azobenzene chromophore.
Incorporation of the PTMO soft segment has no effect
on the absorption maximum. The azo content was
calculated from the absorbance on the basis of the molar
extinction coefficient. The results agreed well with the
values obtained from the feed ratio, which reveals that
the bis(azo)—diol and PTMO have almost the same
reactivity.

Thermal characterization was carried out by DSC
measurement. Figure 2A shows the second heating
curves of the pure PU2 and the elastomers with
different azo contents. The rigid pure PU2 has a T4 at
167 °C. The elastomer samples were annealed at 170
°C for 24 h before measurement. When the feed of bis-
(azo)—diol is 50 wt %, two Tgs could be detected. The
value of Tg; is close to that of pure PTMO 1000, while
the value of Ty, is far lower than that of the model
polyurethane PU2. In the other cases, only one broad
Ty was observed in each curve. There are no clear
endothermic changes at higher temperatures attributed
to the Ty of the hard segment. This is due to the
relatively small signal of the glass transition for the
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Figure 2. DSC curves (second heating) of (A) the pure PU2
and the elastomers with different azo contents and (B) the pure

PU2 and the elastomers with different lengths of the soft
segment.

hard-segment polyurethane in addition to the incom-
plete microphase separation in these hard-segment
domains.1516 Nevertheless the final glass transition
temperature (Tg), as defined in the figure, increases
with the increase of azo content. Figure 2B shows the
second heating curves of the pure PU2 and the elas-
tomers with different PTMO as soft segment. For
PU2a50 with PTMO 650 as soft segment, only one
broad T4 was observed. With the increase of molecular
weight of the soft segment, a more complete microphase
separation takes place. Good phase separation could be
obtained when PTMO 2000 was used as soft segment.
One can clearly see two Tgs in the curve. The value of
Ty is the same as that of pure PTMO 2000, while the
Tgo is still lower than that of pure PU2, probably due
to low molecular weight of the hard segment. The two
peaks are assigned to crystallization and melting of the
soft segment.

The surface structure of the elastomer films was
characterized by AFM. Figure 3 shows the surface
structure of the polymer films before and after anneal-
ing.

Before annealing, the surface is relatively homoge-
neous. However, one can see some particles in the fresh
films, probably due to aggregation of the hard segment
in THF solution. Pure PU2 is only partially soluble in
THF. Tang and co-workers also reported that polyure-
thane elastomers showed higher molecular weight when
THF was used as eluent instead of DMF, because of the
aggregation of polyurethane elastomers in THF solu-
tion.13 After annealing, the surface became rough, with
the appearance of many particles. The particle extent
varied from 100 nm to several micrometers and could
be as high as 350 nm. The size and the height of the
particles increased with the increase of azo contents or
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with the increase of the molecular weight of PTMO. The
results of nanoindentation experiments performed on
PU2c50 annealed film showed that the particles were
composed of hard segment while the plane area is much
softer. We therefore associate the formation of particles
with microphase separation. DSC revealed that com-
plete phase separation takes place in PU2c50 only. As
to the other elastomers, although DSC results showed
incomplete phase separation, many particles were also
observed. AFM tapping mode phase images of polyure-
thane elastomers were reported before.2’~1° The hard
domains were very small on the order of 10 nm.

Photoinduced Birefringence. Optically induced
birefringence was investigated by exposing the polymer
films to a linearly polarized laser beam at 488 nm.
Figure 4 shows the growth and relaxation of the
photoinduced birefringence in fresh and annealed films
of PU2b50. Birefringence could be induced in the fresh
film (curve b), but the induced birefringence was not
stable when the irradiation light was turned off. Only
a small residual birefringence was observed. After
annealing, the stability of the induced birefringence was
improved significantly (curve a), and the saturation
value increased slightly as well. The improvement is due
to the occurrence of phase separation. As in homoge-
neous systems,!! the birefringence induced in the hard
domains of heterogeneous systems can be retained for
an extended time. This makes it possible to use the
heterogeneous materials as three-dimensional storage
media.

The effects of the azo contents and the molecular
weight of soft segment on photoinduced birefringence
were investigated. Each sample was irradiated for 600
s at the same intensity of irradiation light. After that
the induced birefringence was allowed to relax for
another 600 s. Figure 5A shows the optically induced
birefringence (both photostationary and stable values)
as a function of azo contents. The photostationary value
is defined as the one just before turning off the irradia-
tion light, and the stable value is the one at relaxation
time of 600 s.

Generally, the photostationary and the stable bire-
fringence increase with the increase of azo contents,
especially for the values obtained in annealed films. The
photostationary values increase linearly with the in-
crease of azo contents after annealing. This kind of
behavior has been previously observed in copolymers
containing DR1M and styrene comonomers.?° The opti-
cally transparent soft segment has no effect on the
photostationary birefringence. However, the stable bi-
refringence deviated from a linear increase with the
increase of azo contents after annealing (indicated by
arrows in Figure 5A), a case that is different from the
copolymers containing DR1M and styrene.?® This may
be due to low Ty of the hard domains caused by an
incomplete phase separation and by low molecular
weights of the hard segments. In addition, the azoben-
zene chromophores at the interface area of the hard and
soft domains might have very low stability. Annealing
has a little effect on the pure PU2. Both the photosta-
tionary and stable values increased slightly for elas-
tomer PU2b75 after annealing. In case of PU2b50, the
photostationary value increased slightly while the stable
value increased significantly after annealing. Very low
signal was observed in PU2b25 fresh film. Annealing
induced remarkable increase of the photostationary and
the stable values. Little or no signal could be detected
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Figure 3. AFM surface profiles of the polyurethane elastomers before (left) and after (right) annealing. Samples from top to

bottom: PU2b75; PU2a50; PU2b50; PU2c50; PU2b25.

in PU2b15, even in an annealed film. This is due to
the incomplete phase separation and the low Ty of soft
segment. In case of homogeneous systems, for instance
PMMA-doped DR1,2 birefringence was observed even at
the contents of only 5 wt %.

Figure 5B shows the photostationary and stable
birefringence as a function of molecular weight of
PTMO. In the case of fresh films, the three elastomers
show almost the same photostationary birefringence
because of the similar azo contents (Table 1), but the
stable value decreased with the increase of molecular
weight of soft segment, since the Ty of PTMO decreases
with the increase of the molecular weight. In addition,
annealing produced a slight increase of the photosta-
tionary value and significant improvement of the stable
values. Similar stable values for these three samples
in the annealed films were expected since the three

samples have the similar azo contents (Table 1). How-
ever, the absolute improvement, the difference between
the stable values in the fresh and the annealed films
which is calculated to be 0.005, 0.007, and 0.011 for
PU2a50, PU2b50, and PU2c50, respectively, increased
with the increase of molecular weight of PTMO

Dynamic Studies of the Photoinducing and
Relaxation Processes. In a comparison of the two
curves in Figure 4, it was found that the growth rate
decreased while the relaxation rate increased after
annealing. To investigate the kinetic behavior in detail,
biexponential functions are used to analyze the growth
and decay of the birefringence, as reported before.?! The
biexponential functions are

An = A{1 — exp(—k,t)} + B{1 — exp(—k,t)} (1)
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Table 2. Biexponential Fitting Data for the Pure PU2 and the Polyurethane Elastomers Before and After Annealing

polymer ka (s71) ko (s71) An Bn ke (571 ka (s7%) Cn Dn En
Before Annealing
PU2 0.286 0.011 0.82 0.18 0.076 0.004 0.11 0.14 0.75
PU2b75 0.322 0.013 0.87 0.13 0.077 0.005 0.10 0.19 0.71
PU2a50 0.421 0.023 0.83 0.17 0.076 0.005 0.28 0.35 0.37
PU2b50 0.446 0.015 0.86 0.14 0.098 0.007 0.40 0.36 0.24
PU2c50 0.458 0.007 0.88 0.12 0.158 0.008 0.55 0.32 0.13
PU2b25 curve cannot be fitted by the biexponent ial funct ions
After Annealing
PU2 0.246 0.010 0.80 0.20 0.075 0.004 0.11 0.13 0.76
PU2b75 0.249 0.011 0.81 0.19 0.085 0.005 0.11 0.17 0.72
PU2a50 0.250 0.013 0.79 0.21 0.100 0.005 0.18 0.21 0.61
PU2b50 0.253 0.015 0.80 0.20 0.112 0.006 0.18 0.19 0.62
PU2c50 0.269 0.015 0.82 0.18 0.254 0.009 0.19 0.20 0.61
PU2b25 0.524 0.020 0.85 0.15 0.226 0.007 0.46 0.22 0.32
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Figure 4. Typical photoinducing and relaxation curves of 0.025
PU2b50 before (b) and after (a) annealing. Linearly polarized (B)
light is turned on at point A and turned off at point B. o020 | .
.- T T T
for photoinducing birefringence and Sois T
An = C exp(—k) + D exp(—k4t) + E 2) a vt .
0.010 + ST -
for the relaxation process in the absence of illumination,
where An is the birefringence observed at time t, Ka, Kp, 0005 | e
ke, and kg represent the rate constants with the ampli- “ﬂhanhhﬂ
tudes of A—D, respectively. To normalize the amplitude, 0,000 . . T
An is defined as A/(A + B) and C,, is defined as C/(C + ’ PU2a50 PUZb50 PUZc50

D + E), etc. Ej, is the fraction of birefringence conserved
for a very long time. The parameters obtained by fitting
the photoinducing and relaxation curves to the above
two equations were summarized in Table 2.

For the writing process we find that the value of kj
increases with the increase of the contents and the
molecular weight of soft segment for the fresh films. The
soft segment allows the azobenzene chromophore to
move more easily. The k, of the elastomers decreased
significantly after annealing due to phase separation.
The formation of hard domain restricts orientation of
the azobenzene chromophore. Except for PU2b25, the
rate constants of elastomers are comparable with that
of pure PU2. The slight increase with the increase of
contents and molecular weight of the soft segment is
probably due to the increase of the interface between
the soft and hard segment. The reason for a large ks
observed in PU2b25 is not clearly understood. It may
be that the small dispersed hard domains in the soft
matrix can undergo reorientation as a whole. Although
PU2c50 showed better phase separation, the reduction
of ky is almost the same as that of PU2a50 and
PU2b50.

For the relaxation process, k; also increased with
increase of the molecular weight and the contents of the

Figure 5. Photostationary (full symbols) and stable (open
symbols) values of the optically induced birefringence as a
function of (A) azo contents and (B) molecular weight of PTMO.
Key: square, fresh sample; circle, annealed sample. The lines
are only guides for eyes

soft segment for both fresh and annealed samples.
Unlike the decrease of k,, annealing induced an increase
of k.. The increased value is different for the three
samples containing different PTMO. A larger increase
was observed for PU2c50, probably due to its complete
phase separation. For PU2b25, the behavior of fresh
film could not be fitted by the biexponential functions.
However, the curves of the fresh and annealed samples
present a decrease of writing rate and increase of
relaxation rate after annealing.

Before annealing, the fast relaxation amplitude, Cy,
increased, while the long-term stability, En, decreased
with the increase of molecular weight of the soft
segment, since the Ty of PTMO decreases with the
increase of molecular weight. After annealing, the three
polymers showed almost the same values for C,, and E.
Annealing results in a remarkable improvement of
stability of the induced birefringence, and as before, the
absolute improvement increases with the increase of
molecular weight of soft segment.
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Figure 6. Diffraction efficiency of the surface relief gratings
inscribed on the polymer films as a function of irradiation time.
Irradiation light was turned on at 30 s and turned off at 3400 s.

Photoinduced Surface Relief Gratings. Although
birefringence was induced in all polymers except for
PU2b15, which has a very low azo content, preliminary
data showed that surface relief gratings were induced
only on the elastomer PU2b75 and the model polymer
PU2. Only a reversible volume hologram was detected
in the other elastomers (Figure 6).

It may be that a continuous azo-containing phase is
required for inscribing surface relief gratings. PU2b75
has a continuous azo-containing phase (the hard phase)
due to its high azo content, while the other elastomers
with lower azo contents may have a dispersed azo-
containing phase. Figure 6 shows the diffraction ef-
ficiency as a function of irradiation time. The thickness
of the polymer films is 330 nm for PU2 and 510 nm for
PU2b75. Upon irradiation of the interfering beams, low
efficiency diffraction (<0.4%) from volume birefringence
gratings was first observed. This was followed by higher
efficiency diffraction from surface relief gratings. The
diffraction efficiency is about 22% for PU2 and 7% for
PU2b75 after 1 h of irradiation. The remarkable
reduction of the diffraction efficiency could not be
explained solely by the lower azo contents in PU2b75.
Since the surface relief formation requires mass move-
ment of the polymer, segregation would seriously in-
crease the viscosity of film thus inhibiting mass move-
ment. In addition the presence of soft regions could help
release optically induced pressure gradients thereby
decreasing the force for material flow. This may be the
reason no surface gratings were observed on the other
elastomers.

Conclusions

A series of polyurethane elastomers containing aro-
matic azobenzene chromophore in the hard segment and
poly(tetramethylene oxides) as soft segment was syn-
thesized by a one-step method. DSC results showed that
complete phase separation took place only in PU2c50
with PTMO 2000 as soft segment. AMF surface study
of annealed films revealed the appearance of particles
composed of the hard segment These varied in size from
100 nm to several micrometers. Photoinduced birefrin-
gence and surface relief gratings were investigated in
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the microphase-separated systems. Birefringence could
be induced in the polymers except for PU2b15. The
stable birefringence was improved remarkably by an-
nealing the polymer films. The stability of the birefrin-
gence increased with the increase of azo contents, while
it showed almost the same value for the elastomers with
different PTMO as soft segment. Dynamic studies
revealed that annealing induced the decrease of k, and
increase of k.. Surface relief gratings could be optically
inscribed only on pure PU2 and the elastomer PU2b75;
only a reversible volume hologram was detected for the
others elastomers.
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Note Added after ASAP Posting

This article was released ASAP on 6/25/2004. Figure
4 was incorrect. The correct version was posted on
7/7/2004.
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