IEICE TRANS. ELECTRON., VOL.E104-C, NO.2 FEBRUARY 2021

59

| INVITED PAPER Special Section on Electronic Displays

Proposal of Novel Temperature-Independent
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SUMMARY  Temperature-independent zero—zero-birefringence poly-
mer (TIZZBP), which exhibits very small birefringence over the wide tem-
perature range, is required to realize real-color images for displays, particu-
larly vehicle-mounted displays. Previously, a TIZZBP was synthesized, but
they did not put into practical use because of their too complex composition
and low mechanical strength. In this paper, we propose a practical TIZZBP
that has high heat resistance, high transparency and sufficient mechanical
strength, using a simple binary copolymerization system. Our proposed
novel polymer exhibits very low photoelastic birefringence and very low
orientational birefringence. Both types of birefringence of this TIZZBP
satisfy the negligible levels for displays, which are defined as follows: the
absolute values of photoelastic coefficient and intrinsic birefringence are
less than 1 x10712 Pa~! and 1 x1073, respectively. In addition, tempera-
ture dependency of orientational birefringence was very low. Orientational
birefringence satisfies the negligible level all over the temperature range
from around —40°C to 85°C. This temperature range is important because
it is the operational temperature range for vehicle-mounted display. Fur-
thermore, our proposed novel TIZZBP showed high heat resistance, high
transparency and sufficient mechanical strength. The glass transition tem-
perature was 194°C. The total light transmittance and the haze value is
more than 91% and less than 1%, respectively. The tensile strength of non-
oriented films was 35 ~ 50 MPa. These results suggest our proposed novel
TIZZBP has high practicality in addition to very low birefringence. There-
fore, this TIZZBP film will be very useful for various displays including
vehicle-mounted displays and flexible displays.
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1. Introduction

Optical polymer materials have advantages of lower man-
ufacturing cost, light weight, flexibility and higher mold-
ability. In displays such as liquid crystal displays (LCDs)
and organic light-emitting displays (OLEDs), several kinds
of optical polymer materials are used, for example, polar-
izer protecting films and plastic substrates. However, optical
polymer films generally exhibit birefringence, which means
anisotropy of refractive index. Regarding displays, the bire-
fringence in optical polymer films degrades the image qual-
ity of displays such as the degradation of the contrast ratio
and the color change with angle [1]-[3]. Therefore, an opti-
cal polymer film which exhibits no birefringence is required
to realize real-color displays.
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The birefringence of polymer is typically classified into
two types depending on the mechanism of generation [4].
One of them is photoelastic birefringence, which is gener-
ated by elastic deformation below glass transition temper-
ature (T,). The other is orientational birefringence. Ori-
entational birefringence is generated by the orientation of
the polymer main chain, which is caused by drawing of the
polymer above T,. Optical polymer films tend to exhibit
both types of birefringence because the residual stress and
the orientation of polymer chain are generally caused in the
manufacturing processes.

Random copolymerization methods have been pro-
posed to realize optical polymers that exhibit neither photoe-
lastic birefringence nor orientational birefringence [4], [5].
In the random copolymerization method, positive birefrin-
gent monomers and negative birefringent monomers are
randomly copolymerized at a specified composition ratio.
By using this method, we have synthesized zero—zero-
birefringence polymers (ZZBPs), which exhibit neither pho-
toelastic birefringence nor orientatinal birefringence [6]—
[8]. ZZBP has an advantage where both types of birefrin-
gence become almost zero at room temperature. However,
the ZZBP has temperature dependency of orientational bire-
fringence as shown in a paper [9]. Although the ZZBP does
not exhibit any birefringence at room temperature, it ex-
hibits high orientational birefringence at other temperature.
This temperature dependency of orientational birefringence
causes a problem in the car internal environment, where
the ambient temperature is largely changed. Therefore,
temperature-independent zero—zero-birefringence polymer
(TIZZBP), which exhibits no birefringence over the wide
temperature range, is required to realize real-color displays
for vehicle-mounted displays.

A conventional TIZZBP was proposed in our previous
research [10]. However, it is very brittle and its composi-
tion is too complex, thus it did not put into practical use.
In this paper, we propose a practical TIZZBP that has high
heat resistance, high transparency and sufficient mechani-
cal strength, using a simple binary copolymerization sys-
tem. The detail reaction mechanism of this TIZZBP will
be separately reported in a chemical journal in near future.
This paper is focusing on the characteristics of our novel
polymer.
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2. Experimental
2.1 Preparation of Polymer Film

Our proposed novel TIZZBP is synthesized using a binary
copolymerization system of commodity monomers; M1 and
M2. In this binary system, its photoelastic birefringence is
decreased by specific interactions between M1 unit and M2
unit.

A polymer film is fabricated in the following steps.
First, a polymer was synthesized by using a bulk copoly-
merization method. The mixture of monomers was placed
in a water bath at 70°C for 24 hours. Second, the poly-
mer was purified by using a reprecipitation method. The
polymer is dissolved in dichloromethane (FUJIFILM Wako
Pure Chemical Corporation) and precipitated in methanol
(FUJIFILM Wako Pure Chemical Corporation). Third,
a polymer film was fabricated by using a solvent cast-
ing method. The purified polymers were dissolved in
dichloromethane again and spread on a polyethylene tereph-
thalate release film by knife coater. The thickness of films is
controlled to 20 to 50 um. To remove the solvent, the film
was dried for 24 hours at 90°C under reduced pressure.

Polymer films of poly (methyl methacrylate) (PMMA)
and polycarbonate (PC) were also prepared for compari-
son. These optical polymers are widely used for various
optical devices. We synthesized PMMA films by using
MMA monomer (FUJIFILM Wako Pure Chemical Corpo-
ration). The PC film was fabricated by using a pellet of poly
(Bisphenol A carbonate) (Sigma-Aldrich Co. LLC).

2.2 Measurement of Birefringence

Photoelastic birefringence is defined as Eq. (1).
Ang, =C -0 (1

Here, Anpy,, C and o are photoelastic birefringence, photoe-
lastic coefficient and stress, respectively. As shown in this
equation, photoelastic birefringence changes in proportional
to the stress. Its proportionality constant is called photoelas-
tic coefficient and this coefficient depends on the molecular
structure of polymer. Photoelastic birefringence of polymer
films was measured by utilizing optical heterodyne inter-
ferometry method at a wavelength of 633 nm while apply-
ing an uniaxial tensile stress at various levels (from 0% to
1% strain), using a birefringence measurement equipment
(ABR-10A, Uniopt Corp., Ltd.). The measurement was per-
formed at room temperature. Then, the C was estimated
from this measurement results.
Orientational birefringence is defined as Eq. (2).

Ang = An - f 2)

Here, Ano;, An® and f are orientational birefringence, intrin-
sic birefringence and degree of orientation of main chains,
respectively. As shown in Eq.(2), orientational birefrin-
gence changes in proportional to the degree of orientation.
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Fig.1  Schematic representation of polymer film sample.

Its proportionality constant is called intrinsic birefringence
and this coefficient depends on the molecular structure of
polymer. To measure orientational birefringence, polymer
films were uniaxially heat drawn above their T,s by using
a film biaxially stretching machine (IMC-C513, Imoto Ma-
chinery Corp., Ltd.). The degree of orientation f was de-
termined from an infrared dichroic ratio measured by using
a polarized Fourier-transform infrared spectrometer (7000e
FT-IR, Varian Inc.). The orientational birefringence of the
uniaxially drawn films was measured by utilizing an opti-
cal heterodyne interferometry method at a wavelength of
633 nm using a birefringence measurement device (ABR-
10A, Uniopt Corp., Ltd.). The An® was estimated by Eq. (2),
from this measurement results.

In general, orientational birefringence varies with
changing temperature below the glass transition temperature
Ty [9]. The dAn°/dT, which is the differential value of An°
to temperature change, is called temperature coefficient of
An®. Tt depends on the molecular structure of the polymer as
well as C and An®. To evaluate the temperature dependency
of orientational birefringence, orientational birefringence of
the uniaxially drawn films was measured while changing the
temperature from 15°C to 70°C at an interval of 5°C.

2.3 Other Measurement

Grass transition temperature (T,) is one of the indexes
of heat resistance of amorphous polymers. The Tgs of
polymers were measured by using a differential scanning
calorimeter (DSC-60, Shimadzu Corp.).

Total light transmittance and haze value of polymer
films were measured by utilizing a spectral haze meter (SH
700, Nippon Denshoku Corp.). The thickness of films is
about 30 um..

Tensile strength was measured by utilizing a universal
tensile testing machine (Tensilon RTC-1210A, A&D Co.,
Ltd.) at room temperature. For the measurement, more than
three dumbbell shaped samples, whose thickness is about
30 um, were prepared for each polymer. The sample shape
was shown in Fig. 1. The samples were stretched at speed of
5 mm/min and at room temperature.
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3. Result and Discussion
3.1 Photoelastic Birefringence

The photoelastic birefringence at room temperature was
evaluated as shown in Fig.2. This figure shows the rela-
tionships between photoelastic birefringence and the stress
applied to the polymer films. Based on Eq. (1), these re-
lationships were approximated by straight lines passing an
origin. As shown in Fig.2, our proposed novel TIZZBP
showed very low photoelastic birefringence regardless of the
value of the applied stress. The Cs of these polymers were
estimated from the slopes of these approximation lines in
Fig. 2 and are shown in Table 1. The C of our novel TIZZBP
is less than 1 x107!'2 Pa~!, which is negligible levels for
displays. Although PMMA is generally known as a poly-
mer material with low photoelastic birefringence, our pro-
posed TIZZBP showed much lower photoelastic birefrin-
gence than the PMMA.

3.2 Orientational Birefringence

Next, we evaluated orientational birefringence at room tem-
perature. The relationships between orientational birefrin-
gence and the degree of orientation of polymer main chain
are shown in Fig. 3. These relationships were approximated
by straight lines passing an origin based on Eq. (2) and the
An®s of these polymers were estimated from the slopes of
these approximation lines. The estimated An’s are shown
in Table 2. As shown Table 2, the An® of our proposed
novel TIZZBP is less than 1 x1073, which is negligible lev-
els. Comparing with PMMA and PC, our novel TIZZBP
showed very much less orientational birefringence in An°.
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Fig.2  The relationships between photoelastic birefringence and stress
applied to the polymer of our novel TIZZBP, PMMA and PC.

Table 1  Photoelastic coeflicient of our novel TIZZB, PMMA and PC.
Our novel
Polymer TIZZBP PMMA PC
C (x107'2Pa™) 0.90 =531 82.07
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3.3 Temperature Dependency of Birefringence

Orientational birefringence varies with changing tempera-
ture. We measured the changes of orientational birefrin-
gence with temperature change and the dAn®/dTs of the
polymers were estimated from these results. The estimated
dAn®/dT's are shown in Table 3. As shown in Table 3, our
proposed novel TIZZBP has much lower temperature de-
pendency of orientational birefringence than PMMA and
PC. Figure 4 shows the change of An® with temperature
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Fig.3  The relationships between orientaitonal birefringence and degree
of orientation of our novel TIZZBP, PMMA and PC.

Table 2  Intrinsic birefringence of our novel TIZZB, PMMA and PC.
Polymer (,’r‘;rz';;;v;' PMMA PC
An® (x107%) -0.23 —4.71 184.33
Table 3  Temperature coeflicient of intrinsic birefringence of our novel
TIZZBP, PMMA and PC.
Polymer (;‘;rz';;;;' PMMA PC
dAR'/dT B
10-50C 1) 0.72 3.11 2.49
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Fig.4  The relationships between intrinsic birefringence and temperature
of our novel TIZZBP and acrylate ZZBP which degree of orientation f at
room temperature are 0.15 and 0.107, respectively.
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Table 4  Glass transition temperature Ty of our novel TIZZBP, PMMA,
and PC
Polymer Our novel PMMA PC
TIZZBP
Ty 194 126 147
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Fig.5 Total light transmittance of 23.4 um film of our proposed novel
TIZZBP.

change from 15°C to 70°C of our novel TIZZBP. An acry-
late ZZBP, which is synthesized in a ternary copolymeriza-
tion system of MMA, 2, 2, 2-trifluoroethyl methacrylate and
benzyl methacrylate, is one of the ZZBP [6]. The An® of the
acrylate ZZBP is also shown in Fig. 4 for comparison. As
shown in Fig. 4, the temperature dependency of An® of our
novel TIZZBP was about one-third of the acrylate ZZBP
and An® satisfies the negligible levels all over the tempera-
ture range of from —40°C to 85°C. This temperature range
is important because it is the operational temperature range
for vehicle-mounted displays [11]. This result suggests that
our novel TIZZBP realizes real-color images for all over the
operational temperature range of vehicle- mounted displays.

3.4 Heat Resistance

The glass transition temperatures (7gs) of our novel
TIZZBP, PMMA and PC were measured. The measured Tys
are shown in Table 4. The T, of the novel TIZZBP is signif-
icantly higher than PC, which is generally known as a high
heat resistant polymer. These results suggest that our novel
TIZZBP has very high heat resistance that is required such
as in flexible LCD and OLED.

3.5 Transparency

Figure 5 shows a spectrum transmittance of visible light
from 380 nm to 780 nm of our proposed novel TIZZBP. Our
novel TIZZBP shows high transparency over the whole vis-
ible light. The average of total light transmittance and haze
value of our novel TIZZBP are 91.0% and 0.65%, respec-
tively. Those of PMMA are 92.3% and 0.86% and, those
of PC are 90.7% and 1.02%, respectively. The results show
our novel TIZZBP is very transparent approximately equiv-
alent to PMMA and PC. Figure 6 shows the photograph of
the polymer film and bulk of our novel TIZZBP. As shown
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Fig.6  The image of the film and bulk of our novel TIZZBP.

in Fig. 6, these shows high transparency.
3.6 Mechanical Strength

We measured tensile strength of polymer films. The mea-
surement results of our novel TIZZBP, PMMA and PC were
35 ~ 46 MPa, 39 ~ 56 MPa and 40 ~ 45 MPa, respectively.
Our proposed novel TIZZBP showed almost the same ten-
sile strength as PMMA and PC. These results suggest our
proposed novel TIZZBP has enough mechanical strength for
display uses.

3.7 Comparison with Conventional TIZZBP

A conventional TIZZBP, which we proposed in a previous
research, does not necessary satisfy mechanical properties
such as brittleness [10]. In addition, its composition con-
trol is a little difficult because many kinds of monomers
are needed for the synthesis. Therefore, the conventional
TIZZBP is not practical. On the other hand, our proposed
novel TIZZBP has sufficient mechanical strength and simple
composition, thus it is very practical. The novel TIZZBP is
synthesized in a simple binary copolymerization system al-
though the conventional TIZZBP is synthesized in a quater-
nary system.

4. Conclusion

We proposed a novel TIZZBP that has high heat resistance,
high transparency and sufficient mechanical strength. Both
of photoelastic birefringence and orientational birefringence
satisfies the negligible levels for displays. In addition, tem-
perature dependency of orientational birefringence was very
low and orientational birefringence satisfies the negligible
level all over the operational temperature range for vehicle-
mounted displays of from —40°C to 85°C. Furthermore, our
proposed novel TIZZBP showed high heat resistance, high
transparency and sufficient mechanical strength. Therefore,
our proposed novel TIZZBP will achieve real-color images
not only for vehicle-mounted LCD and OLED but also for
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flexible LCD and OLED.
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