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ABSTRACT: This paper is concerned with the structures
and properties for fluorene-based polyester-polycarbonate
(FBP/PC) alloys. Obtained alloys were characterized ther-
modynamically, optically, and viscoelastically, and the
relationship between drawing behavior and molecular dy-
namics were also investigated. FBP/PC alloys showed
transparent and a single glass transition temperature (Tg)
for all compositions that indicated the complete compati-
bility in FBP/PC alloy systems. Tendency of the maximum
draw ratios for alloy sheets was very similar to the profile
of Tg versus FBP content. Maximum draw ratio was
increased linearly with FBP content, demonstrating the
intimate relationship between the large deformation and
the molecular motion. A large amount of orientational
birefringence occurred in PC sheet, but in the case of
FBP/PC alloys and FBP, orientational birefringence was
drastically decreased or not observed at all. This meant

that positive birefringence of PC molecules was compen-
sated by the absolutely smaller birefringence of FBP mole-
cules. From a molecular mobility perspective, relaxation
time (T2) for PC was smaller even at 200°C. However, for
FBP and its alloys, T2 were much larger, showing the con-
siderably enhanced molecular mobility in FBP or FBP/PC
alloys. In this study, we could first reveal that the relation-
ship between Tg and FBP content was very similar to the
behaviors of birefringence (An)/draw ratio (A) versus FBP
content, T2 versus FBP content and 1/maximum draw ra-
tio (Amax) versus FBP content. Based on these results, we
were able to propose a novel alloy with high refractive
index, low orientational birefringence, and higher process-
ability by alloying FBP with PC. © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 111: 461-468, 2009
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INTRODUCTION

Fluorene-based polyester (FBP) with a “cardo” struc-
ture caused by 9,9-diarene-substituted fluorene skel-
eton has been recently focused upon as a promising
polymer material for optical use because of its
higher refractive index, lower orientational birefrin-
gence, higher glass transition temperature (Tg), and
excellent transparency.'™ The optical property of
some functional polymers with fluorene moieties has
been also reported.”™

Because of the “cardo” structure of FBP, the orien-
tational birefringence induced by molding or draw-
ing is difficult to be occurred, and this property is a
significantly advantageous property in the optical
field. Fine dispersions of nano-ordered inorganic fill-
ers and certain other organic fillers in fluorene based
polymers was also reported, as well as the fact that
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the “cardo” structure plays important roles in
enhancing fine dispersion of the fillers in FBP.'*""?

It is well known that polycarbonate (PC) is one of
the typical heat resistant and transparent plastics
and used in many optical fields owing to these fea-
tures. However, on the other hand PC has the disad-
vantage of significant orientational birefringence.
Improving this disadvantage, the molecular weight
of PC resin used for compact discs or digital versa-
tile discs, in which the significant birefringence is a
fatal fault, must be decreased to reduce the orienta-
tional birefringence. As a result, the physical proper-
ties such as impact strength and heat resistance
decline drastically, making it one of the bigger
problems.

In this study, we studied the relationship between
properties and structures of fluorene-based polyes-
ter-polycarbonate (FBP/PC) alloys, and as a result
we could propose a novel FBP/PC alloy for optical
use with many excellent properties, such as high re-
fractive index and low orientational birefringence,
and higher transparency and processability through
alloying of FBP with PC.
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Scheme 1 Chemical structure of the materials used in
this study; FBP, PC and PET from top to bottom.

EXPERIMENTAL
Materials

Fluorene based polyester (FBP-HX, Osaka Gas Chemi-
cals, Japan), poly(carbonate) (PC, Panlite A1554, Teijin
Chemicals, Japan) and poly(ethylene telephthalate)
(PET, DIAPET MA 521, Mitsubishi Chemical Corp.,
Japan) were used without further purification. FBP,
PC, and PET were dried in an air oven at 110°C for 12
h before hot processing. Chemical structures of FBP,
PC, and PET are shown in Scheme 1.

Preparations of sheets of FBP/PC and
PET/PC blends

A twin screw melt extruder KZW15-30MG (Techno-
vel Co., Japan) was used to prepare the alloy of
FBP/PC and form the alloy sheets through a T-die
with 50 mm width and 1 mm clearance attached on
the head of the extruder. Thickness of resulting
sheets was controlled by being pressed between a pair
of calender rolls. For alloying, FBP and PC were pre-
blended and then fed into the extruder heated to 230-
240°C, obtaining a sheet with 0.1 mm thickness. Sheets
with various compositions of PET/PC blends were
prepared in the same manner as above-mentioned.

Transparency measurement

Transparency of the obtained sheets with 0.1 mm
thickness was measured using a UV-VIS Spectropho-
tometer UV3600 (Shimadzu Co., Japan) with an air
window as a reference. In general, transparency of
plastics is estimated by the cloud value at a light
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wavelength of 550 nm, and then transparency of
sheets was estimated as the value obtained at a light
wavelength of 550 nm in this study.

Thermal analysis

Glass transition temperature was measured using a
differential scanning calorimeter (Thermo plus DSC
8230, Rigaku Co., Japan). For DSC measurement,
each sample of about 3 mg was used and measured
at the heating rate of 10°C/min. in a flow of N.

Viscoelastic measurement

For the viscoelastic measurement, drawn and
undrawn sheets were cut into small pieces with
3 mm width and 50 mm length along the drawing
direction. A viscoelastic measurement was per-
formed to measure the storage modulus (E’), the
loss modulus (E”), and the loss tangent value (tan d)
within the temperature range from room tempera-
ture to 260°C with the tensile mode at 100 Hz on a
Rheogel-E4000 (UBM Ltd., Japan).

Drawing of sheets

An unstretched sheet was heated in an air oven of
140°C (for FBP), 145°C [for FBP/PC = 70/30 (w/w)],
150°C [for FBP/PC = 50/50 (w/w)] at 155°C (for
PC) for 3 min., and then immediately drawn at the
same temperature at a drawing rate of 500%/min. by a
drawing machine TYPE HW-500 (Oba machinery Co.).
The draw ratio was calculated by the following eq. (1):

A = 1/1g 1)

where %4, 1y and 1 represent the draw ratio and the
initial distance of the neighboring points marked on
the sheet before and after drawing, respectively.

Measurement of the birefringence

The orientation behavior in the sheet was observed
by inserting the drawn sheet into the two crossed
polarized films. The birefringence of the drawn
sheets was examined to measure the retardation (Re)
in the sheet by a polarized-light microscope (OPTI-
PHOT-POL by NIKON, Japan). The value of bire-
fringence was calculated as the following eq. (2):

An = Re/d @)

where An, Re and d mean the birefringence, Re and
thickness of the sheet, respectively.

The orientational birefringence for the drawn
sheets was calculated by the following eq. (3):

orientational birefringence = An /A, 3)
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Wide angle X-ray diffraction observation

Drawn or undrawn sheets were cut into small pieces
with 2 mm width and 20 mm length along the draw-
ing direction for the wide angle X-ray diffraction ob-
servation (WAXD). Each piece was placed on a
sample holder with its drawing direction perpendic-
ular to the X-ray beam and the measurement was
performed from 0 to 50° of its 20 scanning angle on
the WAXD instrument (Shimadzu XD-1, Japan).

Nuclear magnetic resonance measurement

Mobility of polymer molecules in the sheet sample
was estimated using the spin-echo method and
relaxation time (T2) by the solid state proton nuclear
magnetic resonance (NMR) (1H NMR;JNM-MU25,
JEOL, Japan). Measurement was performed at room
temperature and at 100, 120, 140, 160, 180, and
200°C to investigate the temperature dependence of
molecular motion.

RESULTS AND DISCUSSIONS
Transparency of FBP/PC alloys

The values of transparency for the obtained FBP, PC
and their alloy sheets are summarized in Table I.
The alloy sheets of FBP/PC had excellent transpar-
ency over all blending ratios. On the other hand,
PET/PC blends were opaque, apparently because of
the phase separation between PET and PC, as shown
in Figure 1. These results clearly demonstrate that
FBP/PC alloy system is absolutely compatible and
miscible, whereas conversely, PET/PC alloys are
completely immiscible and incompatible.'*

Glass transition temperature

The observed Tg values for FBP/PC alloys are dem-
onstrated in Figures 2 and 3 and Table II. Tg values
straightly decrease with an increase in FBP content,
as shown in above figures, which means that the
molecular mobility in alloys is actually related with

FBP/PC
70/30
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TABLE I
Transmittances of Light at 550 nm for Sheets Obtained
With 0.1 mm Thickness

Sample Ts50 (%)
FBP 94.0
FBP/PC = 70/30 96.8
FBP/PC = 50/50 95.6
PC 93.3

FBP content in alloys. It must be noted that FBP con-
tent dependencies of Tg obtained by DSC are very
similar to the behaviors of tan & versus temperature,
1/Amax versus FBP content, and An/A versus FBP
content as mentioned below.

Viscoelastic properties

Figure 4(A,B) show the tan § behaviors against tem-
perature for FBP, PC, PET and their respective
blends. In FBP/PC alloys, a single tan & was
observed in all compositions, because these two pol-
ymers are miscible and formed a homogeneous
phase with single glass transition. This represents
obvious evidence for the high compatibility of FBP
with PC, because not only the intermolecular inter-
action through mn-m interaction between fluorene
groups of FBP and phenyl groups of PC, but also
the higher free volume because of the “Cardo” struc-
ture in FBP. On the other hand, in the case of PET/
PC alloys, two tan 6 peaks related to each compo-
nent could be apparently observed to represent the
phase separation between them. The intermolecular
interaction between PET and PC was considered
weak to generate a compatible alloy of the two dif-
ferent polymers, resulting in two separated tan 6
peaks as shown in Figure 4(B).

Drawing behavior

FBP sheet was easily drawn up to the highest draw
ratio over 25 times of the original sheet, as shown in
Figure 5. Amax indicates the maximum draw ratio;

PET/PC
70/30

Figure 1 Photographs of alloy sheets located on the paper: FBP/PC alloy (left) and PET/PC alloy (right). It is apparent
that FBP/PC alloy is quite transparent compared with PET/PC alloy. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Observed DSC curves for FBP/PC = 100/0
(dashed line), 70/30 (dot line), 50/50 (dash-dot line) and
0/100 (solid line).

defined as the draw ratio at breaking point by the
drawing process.

The drawing mechanism of polymer materials is
generally considered to be caused by unentangle-
ment or sliding of the molecules. Hence, 1/Amax can
be considered to be one of the measures for the mo-
lecular mobility. Figure 5 shows the relationship
between 1/Akmax and FBP content. With FBP content
(0 to 70 wt %), 1/kmax is linearly decreased with
increasing FBP content, and almost constant over
70 wt % FBP content. Because of the alloying of FBP
and PC the maximum draw ratio (Anay) is increased
from 2 to 3 times for a PC sheet to 20 times for
FBP/PC alloy containing 70 wt % FBP, and 7.5
times for FBP/PC alloy containing 50 wt % FBP,
respectively.

The profile of this figure is very similar to that of
DSC-profile or NMR-profile. Based on these results,
it was first revealed that the molecular motion of PC
and FBP in alloys is directly related to large defor-
mation such as drawing.

150
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FBP content / wt%

Figure 3 Relationship between Tg and FBP content. Tg’s
values decrease linearly up to 70 wt % of FBP content in
alloys, but are almost constant from 70 to 100 wt % of FBP
content.
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TABLE II
Glass Transition Temperatures (Tg) Measured for FBP,
FBP/PC Alloy and PC by DSC

Sample Tan §/°C
FBP 132.0
FBP/PC 136.5
PC 149.8
PET 80.3
PET/PC 73.3/147.3

The mechanical, thermal, and optical properties
are dependent on the processing conditions such as
drawing; consequently, the large draw ratio for
FBP/PC alloy sheets is a very important factor for
film processability and properties from the view
point of industrial stage.

Birefringence

Figure 6 is an optical photograph of the Re behav-
iors of the drawn sheets inserted into the crossed-
polarized films. This photograph indicates that the
drawn PC sheet had strong and apparent Re. On the
other hand, for FBP drawn sheet no Re could be
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Figure 4 Tan & charts plotted against the observed tem-
perature by the viscoelastic measurement for FBP (solid
line), PC (dashed line) and FBP/PC alloy systems in Fig-
ure A and PET (solid line), PC (dashed line) and PET/PC
alloy systems in Figure B. Only one peak of tan & is
observed in each FBP/PC alloy; however, the two peaks
because of each component of the alloy are observed in
PET/PC alloy system.
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Figure 5 Maximum draw ratios (Amax) of PC, FBP and
their alloys. The values of 1/Ana.x decrease straightly up to
70 wt % of FBP content in alloys but are almost constant
over 70 wt % of FBP content.

observed, while a small amount of Re was occurred
for FBP/PC alloys. These resulting birefringence val-
ues are much smaller than that of PC. Here, the
alignment of the fluorene groups on the side chain
of FBP polymer on the same planes is considered to
be difficult, and then it consequently results in
decreasing in the orientational birefringence induced
by drawing. The strength of the birefringence is one

FBP FBP/PC FBP/PC pC
=70/30 =50/50

Figure 6 Photograph of the retardation observed in the
drawn sheets of FBP, FBP/PC alloys and PC (from left to
right) located between two crossed polarized films. For
FBP sheet the retardation can not be observed because of
no retardation; however, in PC sheet, apparent interfer-
ences are observed owing to the significant retardation
induced. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 7 Relationship between the orientational birefrin-
gence (An/A) and FBP content in alloy sheets. The values
of An/X largely decrease up to 40% of FBP content in alloy
sheets but remain almost constant from 40 to 100 wt % of
FBP content.

of the key factors for the quality in the optical use as
mentioned above.

The values of the orientational birefringence are
defined by the following eq. (3):

orientational birefringence = An /2, 3)

where An and X indicate the birefringence and the
draw ratio, respectively.

The orientational birefringence in the drawn FBP
sheet could not be observed because of the molecu-
lar structure characterized by the bulky fluorene
group located perpendicular to the main chain in
FBP, known as the “Cardo” structure. On the other
hand, the two benzene rings combined in parallel to
the main chain in PC are easily orientated to induce
the larger birefringence by drawing. Figure 7 indi-
cates the relationship between the birefringence and
FBP content for the drawn sheets. It apparently
shows that An/% = 7 x 107> for PC is much larger
than ones for FBP and FBP/PC alloys. This lower ori-
entational birefringence for alloys can be considered
to be occurred as follows. The positive birefringence
in PC molecules is compensated for by the far smaller
birefringence in FBP molecules because of the com-
plexation of PC and FBP molecules in the alloys. The
driving force of such complexation is considered to
be due to the intermolecular interaction through n—n
interaction between PC and FBP or the higher free
volume in FBP molecule. These results apparently
demonstrate that the molecules of both PC and FBP
move cooperatively during deformation, and the rela-
tionship between An and FBP content is very similar
to the relationships between Tg and FBP content, T2
and FBP content and 1/, and FBP content.

This work could first reveal that the alloy of FBP and
PC achieved excellent miscibility and transparency,
and lower orientational birefringence, and it had the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Photographs of the WAXD for PC and FBP/PC alloy (50/50). None or extremely weak amorphous and unor-
iented halo patterns but some regular structures are observed in drawn PC.

significant advantages for the optical use of PC related
materials. The orientational birefringence induced by
injection, extruding or drawing processes is one of the
biggest problems for PC. In general, to decrease the ori-
entational birefringence of PC, the molecular weight
must be decreased and as a result the physical proper-
ties of PC products decline significantly.

However, results of this study demonstrated that
a high molecular weight PC could be used for the
optical purposes, thanks to the extraordinarily lower
orientational birefringence by alloying with FBP.
Consequently, the physical and thermal properties

Journal of Applied Polymer Science DOI 10.1002/app

of the molded products could be improved, which
may also improve the possibilities and properties of
the devices or products in the optical field.

Wide angle X-Ray diffraction

No orientation patterns were observed in WAXD
patterns for the undrawn sheets of FBP, PC, and
FBP/PC alloys, whereas for PC drawn sheets, the
halo ring was split into four patterns owing to the
incidence of amorphous orientation with the increas-
ing draw ratio as shown in Figure 8. However, for
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Figure 9 NMR signal decay curves against the relaxation
time T2 for FBP (red line), PC (black line), FBP/PC = 50/
50 (w/w) alloy (sky blue line), and FBP/PC = 30/70 (w/
w) alloy (blue line), respectively. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com. ]

the drawn FBP and FBP/PC alloy sheet, no special
orientation patterns were observed, even at the
higher draw ratio. These results suggest that PC is
easily able to generate some regular structure under
the hot drawing, but its tendency is weakened by
alloying with FBP. Easy crystallization of PC by ther-
mal annealing is one of the disadvantages for PC.
However, the crystallization tendency was drasti-
cally restrained by alloying with FBP and then it
reduced the crystallization tendency for PC. These
results indicate the high compatibility between FBP
and PC. It seems to be because of the interaction
between PC and FBP molecules via n—n or CH-n
interaction. Reduced crystallization property for PC
is a great advantage in the optical material field.

200

150 |

100 |

50 |

Hard T2/ micro sec.

0 50 100 150 200
Temperature / degree C

Figure 10 Relationship between the relaxation time T2
and the observed temperature: T2 of PC (open circle and
dashed line) is much smaller than those for FBP (open rec-
tangular and solid lines) and FBP/PC alloy (cross and dot-
ted line). This means that the molecular motion of PC is
much smaller than those of FBP and FBP/PC alloy.
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Figure 11 Relationship between the hard segment and
FBP content: the fractions of the hard segment are decreas-
ing up to 70 wt % of FBP content in alloy. These show
that FBP component in alloys can enhance the molecular
mobility in the same. This relationship is very similar to
those of Tg behavior (Fig. 3) and 1/A behavior (Fig. 5).

Solid state NMR measurement of FBP/PC alloy

Spin-spin relaxation time 72’s analyzed from free
induction decay signals for FBP, PC and their alloys
against temperature are demonstrated in Figure 9. It
is generally well known that T2 is strongly related
to the mobility of molecules. The longer the relaxa-
tion time T2, the easier the molecular motion. For
PC, T2 is not large, even at elevated temperatures
up to 200°C, showing that the molecular motion of
PC is poor. On the other hand, it was apparently
demonstrated that for FBP and FBP/PC alloys, the
mobility of molecules was more active at 150°C and
higher. At 200°C, FBP had a relaxation time (72) of
150 ps, which was much higher than the time for
PC. By alloying PC with FBP, T2 was increased dras-
tically and reached a level equivalent to almost the
same values for FBP, as shown in Figure 10. This
means that the mobility of PC molecules was
increased by alloying with FBP, and the high misci-
bility and compatibility of FBP and PC enabled to
enhance the mobility of PC because of the coopera-
tive molecular motion. Figure 11 shows the hard
segmental fraction against FBP content. The hard
segment fraction is one of the measures of molecular
mobility. This figure clearly indicates that PC has an
amount as large as 80%, and that this fraction is
decreasing with increasing FBP content. These
results indicate that the mobility of PC will be
enhanced by alloying with FBP.

CONCLUSIONS

FBP/PC alloys studied in this report have the
excellent optical transparency and single glass tran-
sition temperature, and as a result it strongly

Journal of Applied Polymer Science DOI 10.1002/app
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demonstrated the complete miscibility and compati-
bility in the alloys. For the processability of alloy
sheets, FBP sheet could be drawn up to the maxi-
mum draw ratio (Anax) of 24, which was about 7
times larger than that of PC. The values of Amax for
FBP/PC alloys were strongly dependent on FBP con-
tent. One of the great advantages for the present
alloys is that the orientational birefringence is much
smaller than PC, because the induced positive bire-
fringence in PC molecules is compensated by the
much smaller birefringence because of the “cardo”
structure in FBP molecules.

FBP has a high molecular mobility compared to
that of PC, hence, it can significantly enhance the
mobility of PC molecules in FBP/PC alloys, because
PC and FBP are completely compatible to each other
and move cooperatively in FBP/PC alloys.

Based on the above results, we were first able to
reveal that the relationship between Tg and FBP con-
tent was very similar to the behaviors of An/\ ver-
sus FBP, T2 by NMR versus FBP and 1/Am,x versus
FBP. As a result, we could propose a novel FBP/PC
alloy for optical use with many excellent properties,
such as high refractive index and low orientational
birefringence, and higher transparency and process-
ability through alloying of FBP with PC.

Journal of Applied Polymer Science DOI 10.1002/app
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