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ABSTRACT: As an approach to rigid-rod molecular composites, a series of PERZT-h-PEK ABA triblock
copolymers were synthesized. Three different types of polyetherketones (PEKS) as coil A-block units and the
carboxylic acid-terminated polybenzobisthiazoles (PBZTs) with two different molecular weights as rigid-rod
B-block units were utilized to afford the targeted ABA triblock copolymers. The resulting triblock copolymers
were insoluble in common polar aprotic solvents suchlamethylpyrrolidinone, dimethylformamide, dimethyl-
acetamide, and dimethyl sulfoxide but showed greatly improved solubility in strong acids such as trifluoroacetic
acid, methanesulfonic acid (MSA), trifluoromethanesulfonic acid, and sulfuric acid. Good quality films could be
cast from solutions. Alternatively, we could also process these copolymers by the compression molding technique.
The block copolymer samples were simply heated above the transition temperatures of the coil components and
pressed into articles with desired shapes. The wide-angle X-ray diffraction study of the selected solution-cast
film exhibited a long-range ordering, which is indicative of microphase separation. This was further confirmed
by the results from small-angle X-ray diffraction, scanning electron microscopy, and transmission electron
microscopy. In addition, the U¥Vvis absorption behavior of the copolymer solutions implied that the ground
state conformations of PBZT in MSA were greatly dependent on the amorphous or the semicrystalline nature of
the PEK unit, which has little or no effect on the emission properties.

Introduction sulfuric acid. Melt processing is practically impossible due to
Highly fused aromatic heterocyclic rigid-rod polybenzobisa- their high transition temperatures, which are generally higher
zoles such as polybenzobisthiazoles (PBZTs), polybenzobisox-than their decomposition temperatures, and therefore they could
azoles (PBOs), and polybenzobisimidazoles (PBIs) are well not simply be blended as reinforcement additives into a coil
known for their excellent thermal and mechanical properties polymer melt. The only viable option to attaining molecular-
as well as their optical and electronic characteridtiand level composites is solution processing in strong acidic solvents.
continue to captivate the research community of high- In that case, achieving molecular level dispersion of a rigid-
performance, heat-resistant polymers. These lyotropic liquid- rod polymer in the matrix is of paramount importance in order
crystalline polymers are, in general, prepared from heteroge-to maximize the reinforcement efficiency. To arrive at such a
neous polycondensation above the critical polymer concentrationstate, the added amount of rigid-rod polymer should be less
(~4—5 wt %) in a mild acid such as poly(phosphoric acid) than its corresponding critical concentration to prevent the
(PPA, 83% ROs assay) at elevated temperatures (Schenfe 1). occurrence of microscale-to-macroscale phase sepaffiais.
Because of the limited solubility and extremely high glass has restricted the concentration of the rigid-rod polymer for
transition temperatures of polybenzobisazoles, the only practicalprocessing of molecular composites from solutions to consider-
processing option has been fiber spinning directly from the aply less than 45 wt %. Furthermore, with little or no strong
polymerization mixtures. The resultant fibers displayed ex- gpecific interactions between the rigid-rod polymer and the coil-
tremely high tensile strength and modulus after heat treatfent. matrix polymer, the effect of critical concentration will undoubt-
As such, these rigid-rod polymers have played a pivotal role in ¢}y jead to the segregation and premature precipitation of the
the development of the concept of the molecular level reinforce- i rod polymers from the solution during vacuum-film-casting
ment in the field of nonmetallic structural materiéls addition, (frocess. To circumvent such a macrophase separation problem,
r

the){ ht?“’e been ug;—::dH In adva?r::e_d coTpot§|te rnatengls aNGriblock copolymers have been developed using rigid-rod PBZT
protective garments. HOWEVer, their applicalions have been ., g semirigid benzazoles such as polybenzimidazole or poly-

limited due to poor processability. Due to strong lateral benzoxazolé.Still, these semirigid units were only soluble in

intermolecular interactions among the rigid-rod chains, they are strong acidic solvents and displayed extremely high transition

only soluble in strong acidic solvents such as methanesuh‘onictem eratures. An ideal molecular composite svstem reinforced
acid (MSA), trifluoromethanesulfonic acid (TFMSA), and peratures. ! u POSite Sy n
by a rigid-rod polymer should be easy in both synthesis and
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Scheme 1 Synthesis and Structure of Polybenzobisthiazole (PBZT)
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Scheme 2 Synthesis of Polyetherketones of the structure-property relationship inherent to these systems

X o X 0 and to demonstrate the improvement in the processability of
ST opap,0; C*:|‘ the rigid-rod PBZT rendered by incorporation of melt process-
o ° n able coil PEK. Furthermore, optical properties of triblock
X X

copolymers in MSA solutions are also reported.

X=HorCH . .
3 Experlmental Section

by both solution and melt processing methods. In other words, ~Materials. All chemicals and solvents including polyphosphoric
the role of the rigid-rod B-block unit in the block copolymer is ~ acid (PPA, assay 83% ROs content) and phosphorus pentoxide
to provide reinforcement and that of the coil A-block component ngg?)evéerenﬁausrscr;ﬁ:g/\/ﬂs%ms Aelg.rf'%r:j C_lr_‘r?emfgl rlqnc?hoa:ggrssg? ;‘ns |
is to promote fluidity or solubility for fabrication. A key step ved, U ! pecihed. !

. - . : 4-phenoxybenzoic acids for linear polyetherketones (PEKs) were
in the approach to an ABA triblock copolymer is the preparation purchased from Aldrich Chemical Co. They were purified by

of rigid-rod polybenzobisazoles end capped with appropriate recrystallization from toluene/heptane (5/5, vol/vol) mixture to give
reactive end groups. The groups should be reactive enough forshiny colorless needles (mp 14748.5 and 162164 °C, respec-
the next step reaction in the same reaction medium. However, tively).1314 The other AB monomer 2,6-dimethylphenoxybenzoic

due to the poor solubility of even micronized terephthalic acid acid was synthesized following a modified literature procedure to
(TA) in PPA, the rigid-rod benzobisazole oligomers are not afford white needles, mp 186188 °C.1®

statistically end capped at the two monomer feed ratios when Instrumentation. Elemental analysis and mass spectral analysis
they are polymerized above the critical concentration (in Wwere performed by System Support Branch, Materials & Manu-
lyotropic phase}® Thus, to afford statistically end-capped facturing Directqrate,Air Force Research Laboratory, Daﬁon,Ohio.
polybenzobisazoles, it is crucial to carry out homogeneous '€ melting points (mp) of all compounds were determined on a

A . ) - Mel-Temp melting point apparatus and are uncorrected. Intrinsic
\F/)vct)l%’;)ms:rfsgr?t?;ég: ti?]ePpF?R/mer content below its criticatd viscosities were determined using Cannon-Ubbelohde No. 200

' o o ) ) viscometer. Flow times were recorded for methanesulfonic acid
In this regard, the rigid-rod B-block, which is terminated with  (msA) solutions and polymer concentrations were approximately
carboxylic acid at both ends of the polybenzobisazole unit, could 0.5-0.1 g/dL at 30.0+ 0.1 °C. Differential scanning calorimetry
be obtained by adding excess amounts of terephthalic acid at(DSC) analysis runs were performed in nitrogen with a ramping
below the critical concentration. The following sequence to rate of 10°C/min using a Perkin-ElImer DSC7 model. Themogravi-
obtain ABA triblock copolymers is to incorporate block units Mmetric analysis (TGA) was conducted in both inert atmosphere
such as linear coils at both chain ends by addition of appropriate (N€lium) and air with a heating rate of XG/min using a TA Hi-

AB monomer for A-block units in the same reaction medium. R€S TGA 2950 thermogravimetric analyzer. UVisible spectra

Strong intermolecular interactions of polybenzobisazole units WEre obtained on a Hewlett-Packard 8435 UV-Visible spectropho-
could be reduced by random coil A-blocks. This approach is tometer. Photoluminescence measurements were performed with a

) . .~ Shimadzu RF-5301PC spectrofluorophotometer. The excitation
further extended to enhance electronic and optical charactensﬂcg,vavebnmh used was the UV absorption maximum of each sample.

of the fused aromatic systems with little sacrifice to their The transmission electron microscope (TEM) employed in this work
outstanding physical propertiés. was a Philips CM-200 TEM with a LaB6 filament. The scanning
As a coil B-block candidate, linear polyetherketones (PEKs) electron microscope (SEM) used in this work was a Hitachi S-5200
are also well known as high performance engineering plastics. instrument. Wide-angle X-ray diffraction (WAXS) of film were
We have developed and reported a Superior reaction mediumrecorded Wlth a ngaku RU-200 diffractometer using Ni filtered
that drives the direct electrophilic substitution reaction from Cu Ka radiation (40 kv, 100 mA4 = 0.15418 nm). The energy
carboxylic acid instead of from carboxylic acid chloride as a Minimization of structures were performed using CS Chem 3D
. . . : standard computational package (Version 8.0, CambridgeSoft
polymer forming reactio® The system consists of commercial Corporation, Cambridge, MA 02140)
PPA grade (PPA, 83%;,Ps assay), which is the same reaction ! ’ '

) - " General Procedure for Carboxylic Acid-Terminated PBZT
medium for polybenzobisazoles. By addition of a proper amount Homopolymers (1a and 1b).In a 100 mL resin flask equipped

of phosphorus pentoxide {8s) at 130°C, the reaction condition  ith a high torque mechanical stirrer and nitrogen inlet and outlet,
was optimized for direct FriedelCrafts acylation. With this 1 4-diamino-2,5-benzenedithiol dihydrochloride (4.0003 g, 16.316
synthesis protocol, very high molecular weight PEK could be mmol) and polyphosphoric acid (PPA, 80 g) were added. The
afforded (Scheme 2). mixture was stirred at room temperature for 24 h and then heated
By combination of the reaction conditions for both the rigid- 0 60°C for 12 h with continuous stirring under dryNurging.

rod polybenzobisazole and the coil PEK in the same reaction The mixture was further heated to 120 until the mixture became
medium PPA, the preparation of ABA triblock copolymers via homogeneous and no further hydrochloric amd_wa; detecteq at the
a simple one-pot process can be accomplished. Thus, this workd28s outlet. Upon completion of the dehydrochlorination, the mixture

- - . was allowed to cool down to room temperature. Terephthalic acid
reports the synthesis of a series of ABA triblock copolymers (2.78159 g, 16.950 mmol) was added and the mixture was heated

consisting of three different high performance coil polymers as progressively (100C for 12h, 130°C for 12h, 160°C for 12h,
A-block units and PBZTs with two different molecular WelghtS and 180°C for 4h) At the end of the reaction, the mixture was
as the B-block unit. The basic properties of the resultant poured into water, and the pink transparent fibrous polymer was
materials were studied to provide a fundamental understandingcollected by suction filtration. The polymer was chopped with a
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Scheme 3 Synthesis of Carboxylic Acid-Terminated Polybenzobisthiazoles
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Scheme 4 Synthesis of Polyetherketorte-Polybenzobisthiazoleb-Polyetherketone ABA Triblock Copolymers
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Table 1. Intrinsic Viscosity, UV—vis Absorption and Emission, and

General Procedure for ABA Triblock Copolymers (2a and
Elemental Analysis Data of Polymers

2b). In a similar polymerization setup as described in ref 13, the
B-block PBZT (1.00 g, 3.75 mmol, on the basis of the molecular
weight of PBZT repeating unit) was dissolved in PPA (60 g, 83%

elemental analysis

polymer _ y]* (dL/g) Za (NM)  Zem (M) C(%) H®%) P,0s assay) at 130C. The mixture became homogeneous after
la 3.00 443 468 calcd 63.14 227 2—4 h at the temperature. The AB monomer (2.00 g, 9.34 mmol)
found 62.24 2.61 for A-blocks and ROs (15.0 g, 25 wt % to the PPA) were then
1b 6.34 442 468 caled 63.14 227  gqded and stirred at 13@ for 48 h. The reaction condition was
2a 3.37 401 468 f?:l;rllgd 6?2‘15 2:3?28 optimized for the direct FriedelCrafts acylation as the polymer
: found 7352 357 forming reaction from carboxylic acid instead of carboxylic acid
2b 3.88 399 469 calcd 74.15 358 chloride. The same workup procedure was followed as descrlbed
found 71.14 3.41 for the carboxylic acid-terminated PBZT homopolymer. The fibrous
3a 234 423 468 caled 74.15 3.58 product was finally dried under reduced pressure (1 mmHg) at
found 73.13 3.67 100°C for 100 h. The intrinsic viscosity &fawas 3.88 dL/g (MSA,
3b 2.81 422 468 caled 7415 3.58 30 £ 0.1°C). The absorptioniy) and emissionAem) maxima of
found 72.64  3.70 the sample were 401 and 468 nm, respectively. Anal. Calcd for
4a 2.36 409 469 fcffr']gd 7;56-34 4‘;5‘3‘6 CiaH7.No01 S C, 74.15%; H, 3.58%; N, 3.02%, O, 11.63%,
b 252 407 168 caled 7524 446 ?,5%300%. Found: C, 73.52%; H, 3.57%; N, 3.48%; O, 10.60%; S,
found 72.83 4.40 ’ :

a|ntrinsic viscosity measured in MSA at 3& 0.1 °C.PUV—vis
absorption peak maxima obtained from samples dissolved in MSA.
¢ Emission peak maxima obtained from samples dissolved in MSA.

Results and Discussion

ABA Triblock Copolymer Synthesis. To prepare B-block
component end capped carboxylic acids at both chain ends, an
Warring blender, collected by suction filtration, washed with diluted €XCc€ss amount of micronized terephthalic acid (TA) (5.28 and
ammonium hydroxide, extracted with Soxhlet apparatus (3 days 2-73 mol % excess, respectively) to 1,4-diamino-2,5-benzene-
with water and 3 days with methanol), and finally dried under dithiol (DABDT) was added to afford two different molecular
reduced pressure (1 mmHg) at 2@for 100h. The same procedure  weights of PBZTs. The calculated values for the average degree
was applied forlb. Intrinsic viscosities ofla and 1b were 3.00 of polymerization (DP) of the PBZTs were 19 and 37,
and 6.34 dL/g (MSA, 3Gk 0.1°C), respectively. Fofla and1b, respectively, and the number average molecular weights)
the calculatedl,, values, on the basis of the relationship between o the polymers were 5044 g/mol and 9756 g/mol, respectively.
intrinsic viscosity and number average molecular weight reported o raqjtant carboxylic acid-terminated PBZTs had intrinsic
in literature for polybenzobisoxazole (PBO), were 5300 and 10 600 viscosities of 3.00 and 6.34 dL/g (38 0.1 °C in methane-

(] he UV i ima i h fonic aci e ' " ) .
g/mof’® and the UV absorption maxima in methanesunfonic acid sulfonic acid, MSA), respectively (Scheme 3). So et al. obtained

(MSA) were atiap = 442 nm andiem = 468 nm, respectively. . - . . S
Anal. Calcd forla CiHeN,S,: C, 63.14%: H, 2.27%: N, 10.52%;  and reported a semi-empirical relationship between the intrinsic

0, 24.07%. Found: C, 62.24%: H, 2.61%: N, 9.66%: O, 22.72%. Viscosity and the number average molecular weightfor PBO.
Anal. Calcd Forlb CisHgN,S,: C, 63.14%: H, 2.27%:; N, 10.52%:  Because of the structural and conformational similarity between
0O, 24.07%. Found: C, 63.47%; H, 2.60%:; N, 9.75%; O, 22.31%. PBZT and PBO, we have used this relation
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Figure 1. Solution viscosities of carboxylic acid-terminated PBZTs:
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Figure 2. Solution viscosities of ABA triblock copolymers measured in MSA ati3@.1 °C: (a) 2& (b) 2b; (c) 3a; (d) 3b; (e) 4a; (f) 4b.

to estimate the molecular weight and average degree ofagreement with theoretical values (19 and 37). For experimental
polymerization (DP) from our intrinsic viscosity data. The consistency, the carboxylic acid-terminated PBZTs as B-block
estimated average DP values of the PBZTs werdVR0= 5300

g/mol) and 40 ¢, = 10 600 g/mol). These values are in well

units were isolated, completely worked up, dried, and character-
ized. For the ABA triblock synthesis, they were first redissolved
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Figure 3. DSC thermograms obtained with heating rate of°’@min: (a) first heating scan; (b) second heating scan.
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Figure 4. TGA thermograms obtained with heating rate of @min: (a) in air; (b) in helium.

Table 2. Thermal Properties of Polymers

DSC TGA
first heating second heating in air in helium
Tg? Tm1 Tm2 T Tasod char yield at Tasold char yield at
polymer (°C) (°C) (°C) (°C) (°C) 900°C (%) (°C) 900°C (%)
la 510 0.1 536 42.3
1b 538 0.9 695 56.2
2a 144.6 1475 469 0.7 449 30.1
2b 148.0 149.5 448 0.7 442 30.4
3a 191.1 249.1 329.9 182.9 504 1.0 509 26.3
(2.2) (6.4)
3b 204.8 250.8 330.7 170.7 517 1.3 507 55.1
(2.5) (8.5)
4a 228.7 230.0 428 2.1 446 27.5
4b 207.5 210.5 427 0.8 431 135

a|nflection in baseline on DSC thermogram obtained mvth a ramping rate of 10C/min.? Temperature at which 5% weight loss was recorded on
TGA thermograms that were obtained with a heating rate ofC/@nin.

in PPA. After homogeneous solutions were formed in PPA at samples, the general difference was clearly seen (Figure 1). The
130°C, the respective AB monomer was added to the polym- sample 1a in MSA solution displayed relatively stronger
erization vessel followed by the addition of phosphorus pen- polyelectrolyte effect as the concentration was lowered (Figure
toxide. The optimal temperature and the proper amount of 1a), while the viscosities of the samglb in the same solvent
phosphorus pentoxide added for an efficient, direct Friedel depended linearly on the concentration (Figure 1b).
Crafts acylation reaction have been previously establi$hede In the cases of ABA triblock copolymers, their solubility was
desired triblock copolymers were afforded as described in similar to that of the starting PBZTs. They displayed slightly
Scheme 4. Elemental analysis data showed a good agreemergnhanced solubility. In addition to the being soluble in MSA,
between theoretical and experimental values of the carbon andtrifluoromethanesulfonic acid (TFMSA), and sulfuric acid, they
hydrogen contents of resultant products (Table 1). were also soluble in trifluoroacetic acid. The intrinsic viscosities
Solution Properties The PBZTs have intrinsic viscosities  of copolymers2b, 3a, 3b, 4a, and4b are lower than those of
of 3.00 and 6.34 dL/g in MSA at 3& 0.1 °C. The number of PBZT homopolymers and the values are summarized in Table
carboxylic acids of the samplain the solution should be twice 1. All solutions in MSA displayed polyelectrolyte effects at
as that oflb. In comparing the solution viscosities of the lower concentration (Figure 2). This implied that both chain
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Figure 5. SEM images: (a) 1a fiber{100, scale bar 100um); (b) 2b film (x2000, scale bar 4 um); (c) 3b film (x2000, scale bar 4 um);
(d) 3afilm (x1800, scale bar 4 um).

Figure 6. (a) Digital photograph omPEK-b-PBZT-h-mPEK 2b film. (b) TEM image of straine@®b film (x2310, scale ba== 5 um).

ends of triblock copolymers were carboxylic acid terminated. rate of 10°C/min for both heating and cooling cycles. Thg
It was an indirect evidence that the starting PBZTs also would value was taken as the midpoint of the maximum baseline shift
have been carboxylic acid terminated. The lower solution during each heating or cooling run. As shown in Figure 3a and
viscosity of triblock copolymers provided an indication that the Table 2, thenPEK-b-PBZT-h-mPEK sample2a exhibited aTg
incorporation of coil blocks into the rigid-rod block has indeed at 144.6°C. The value is approximately & higher than that
frustrated the alignment of the rigid-rod PBZT molecules. As a (137 °C) of themPEK homopolymet3 The rigidity of PBZT
result, PBZT units in solution or melt are expected to be and lower free volume irMMPEK should have contributed
randomly dispersed. to the Ty increase. Similarly, the sampkb displayed aTy of
Thermal Properties. The DSC samples in powder form were 143.6°C. As expected, botpPEK-b-PBZT-b-pPEK samples
subjected to two cycles of heating starting from room temper- 3a and 3b were semicrystalline materials with two melting
ature up to 360C and then cooling te-80 °C at a scanning endotherms around 250 and 330 (Figure 3a). The sample
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Figure 7. X-ray diffraction patterns: (a) WAXS powdesy patterns; (a) WAXS film pattern a2b; (b) WAXS x-y pattern of2b; (c) elliptical
SAXS film pattern of2b.
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Figure 8. UV—vis absorption and emission spectra of samples: (a) absorption; (b) emission.

DiMePEK-b-PBZT-h-DiMePEK 4a has aTg at 228.7°C with amorphous during these periods. As a result, they displaysd
a quite strong peak centered at 247 Interestingly, thel, at 182.9 and 170.7C, respectively. In the case 8 and3b as
of sample4b was at 207.5C, whose value is approximately — well as4aand4b, it was quite unexpected that tfigdecreased
20 °C lower than that ofta. It may be correlated to the size of as the molecular weight of PBZT increased. However, the
PBZT molecules and the number of carboxylic acid in the mPEK-b-PBZT-h-mPEK samples 2a and 2b behaved as ex-
system. pected. An explanation would invoke a couple of speculations.
In the second heating scans (Figure 3b), Tiys of the The first speculation would be closely related to the number of
sample®a, 2b, 4a, and4b were increased in the range of .3 carboxylic acids in the system that could form hydrogen
4.6 °C as compared to the values obtained from the first scan. bonding. The lower molecular weight PBZT should contain a
This is due to an annealing effect. There were no melting larger number of carboxylic acids and in turn a higher degree
endotherms detected for the sampBesand 3b in the second of hydrogen bonding. The other speculation would be the filler
heating scan. It must be due to the molecular motiopREK effect, that is, the smaller size of rigid-rod PBZT molecules
being hampered by connecting to the rigid-rod PBZT, and thus would enable better filling of the larger free volume. In addition,
the crystallization rate was too slow to form crystals during the the changes iffg values might also be related to the molecular
cooling and heating scans after melt. The samples stayedweight and degree of crystallinity of PEK blocks as well as the
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Figure 9. Schematic representation of molecular arrangement of polymer molecules: (a) PBARPEK-PBZT-h-mPEK; (c) pPEK-bH-PBZT-
b-pPEK; (d) DiMePEKb-PBZT-h-DiMePEK.

conformation of triblock copolymer. Overall, these combined  Transmission Electron Microscopy (TEM) Study. Gener-
factors could have influenced the outcomes for the transition ally, rigid-rod polymers have extremely high tensile strength
temperatures. and modulus, but they do display a few percent of elongation

The thermogravimetic analysis (TGA) results showed that Pefore breakind.The TEM image of the strainezb film was
all triblock copolymer samples exhibited excellent thermal and ductile with a significant degree of elongation before break

thermooxidative stabilities with 5% weight loss temperature (@Tow 1 in Figure 6b). Furthermore, it is apparent that
ranging from 427 to 517C in air and 43+509°C in helium microphase-separated lighter PBZT domains are homogeneously
respectively (Figure 4 and Table 2). ' dispersed in the darker, continuom¥EK phase (arrow 2 in

. . . Figure 6b). Thus, the TEM observation confirms our interpreta-
Scanning Electron Microscopy (SEM).The SEM image of tion of the corresponding SEM image (Figure 5b).

as-spun carboxylic acid-terminated PBZD fiber resembles Wide-Angle X-ray Film Scattering (WAXS) and Small-

thin polymer sheets that were stacked together in the form of angle X-ray Film Scattering (SAXS) Patterns.The WAXS
ribbon (Figure Sa). The solution-cast thin film aiPEK-b- pattern of PBZT1a showed that there was a broad but distinct
PBZT-b-mPEK triblock copolymer2b was translucent and  gdering, as evidenced by the peaks at 3.5 and 5.5 A (Figure
golden-brown in color (Figure 6a). It displayed very interesting 75) Block copolymers with PBZT (intrinsic viscosity 3.00
SEM morphology (Figure 5b). In the surface of the film, bright ) /q) 24, 33, and4a displayed weaker intensity as compared
fractal regions that were supposed to be PBZT aggregates wergg those of corresponding copolymers with PBZT (intrinsic
homogeneously imbedded in the dark continueé=K phase.  yiscosity= 6.34 dL/g)2b, 3b, and4b. The value of 3.5 Ais a
The average size of bright domains was approximately®0  typical 7—x distance between extended PBZT molecules. The
in length and 4um in width. This is a strong indication that @  |arger PBZT units in the copolymer showed a stronger intensity.
microphase separation has occurred during solvent evaporatiowthough pPEK is known to be semicrystalline, the as-
and the phase-separated regions have been randomly distributegynthesizepPEK under the same reaction conditions revealed
without alignment. In the case OPPEK-b-PBZT-hb-pPEK its amorphous character in the WAXS study. We have studied
triblock copolymer3b, the film was completely opaque and the  jn detail and reported this unusual thermal relaxation behaviors
SEM image of the film surface was uniform (Figure 5c). The of viscosity- and shear-induced strainpREK, prepared in a
difference in the morphologies of these samples could be dueyiscous reaction medium (PPAY. Similarly, the thermal

to the nature of PEKs, namelyPEK is an amorphous polymer  behavior of triblock copolymer8a and3b is currently being

but pPEK is semicrystalline. A sample solution 8 in MSA studied, and the results will be reported in due course. The
was spread on a glass plate and then dipped into distilled water WAXS film diffraction pattern of the sampl2b was consider-
resulting in the formation of a semitransparent thin film. The ably different from its powder pattern. There were four broad
SEM image of this water-soaked thin film generated craterlike but strong equatorial reflections in the wide-angle region and a
uniform features on its surface (Figure 5d). Apparently, they single equatorial reflection in the small-angle region (Figure
were formed during the process of coagulation in water. The 7b). Itsx-y diagram is presented in Figure 7b. Thapacings
average size of craters was approximatelyng and there were  of the equatorial reflections are 11.8, 4.4, 4.0, 3.5, and 2.4 A,
curled ribbons surrounding them. Thed-spacing value of the second equatorial reflection (3.5 A)
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is similar to that of the PBZT homopolyméf. The last Conclusion

equatorial refle_ction at11.8 A in_the small-angle region could | this work, we have demonstrated that PERBZT-b-PEK

be due to a microphase separation. triblock copolymers could be prepared as a version of molecular
Since long range ordering was observed from WAXS film composites. The resultant polymeric materials were soluble in

pattern, the elliptical shape of the SAXS film diffraction pattern strong organic acids and had intrinsic viscosities ranging from

indicated the preferential orientation of copolymer structure to 2.38 to 3.88 dL/g in MSA at 3Gt 0.1 °C. These triblock

be parallel to the surface of the film. Although the SAXS pattern copolymers could be processed by both solution-casting and

did not show sharp equatorial reflection, there was a broad melt-processing techniques, which could be attributed to the

reflection observed indicating that long range ordering did exist PEK blocks. Good quality films were cast, and the X-ray study
(Figure 7d). of these films exhibited a long range ordering indicative of

microphase separation. The results showed that the BREK-
PBZT-h-PEK triblock copolymers have more processing and
fabrication options than the PBZT homopolymers and support
. . he viability of the concept of using the rigid-rod component
UV —vis absorption and fluorescence measurements conductedy 4 reinforcing additive and the coil component as a processing
in MSA are summarized in Table 1. Absorption maxima of aiq Both components are bound by covalent bonds to maximize
PBZT homopolymersla and 1b were at 443 and 442 nM,  he mechanical integrity regardless of their miscibility or
respectively, which are in the blue region. In the cases of compatibility. In addition, their optical behavior was found to
samples containing amorphous A-block units, the absorption pe dependent on the nature of the coil components. The ground
maxima of the block copolymezaand2b are at 401 and 399 state conformations of PBZT in MSA solutions were found to
nm, respectively (Table 1 and Figure 8a). These absorption he greatly dependent on the amorphous or semicrystalline nature
maxima are blue-shifted by 44 nm. Similarly, the samplas  of the A-block unit. Irrespective of the A-block units, however,
and4b displayed absorption peak maxima centered at 409 andthe emission maxima of sample solutions remain fixed at 468
407 nm, respectively (Table 1 and Figure 8a). The peaks wereand 469 nm. Detailed thermal, mechanical, rheological, elec-
also blue-shifted by 35 nm. The value is lower than that of tronic, and optical behavior as a function of PBZT loads are
samples2a and 2b. The absorption maxima of the block currently in progress. Furthermore, (hyperbranched)®EK-
copolymers3a and3b, which contain semicrystalline A-block  PBZT-b-(hyperbranched)PEK triblock copolymers have been
units, are at 423 and 422 nm, respectively. Compared to thesynthesized, and their optical properties in basic solvents instead
PBZT homopolymerdaandlb, the peaks are blue-shifted by of protonated acidic solvents are being studied for the first time.
20 nm, which is less than the corresponding shifts observed for These results will be reported separately.

samples2a and 2b compared tod4a and 4b. However, the ]
emission maxima are almost identical at 4889 nm for all Acknowledgment. We thank Shane Juhl for X-ray scattering
block copolymers (Table 1 and Figure 8b). It is noteworthy that data, Marlene Houtz for DSC and TGA data, Christopher Lyons
the nature of A-block component significantly influences the fOr Viscosity measurement. This project was supported by Air
ground state of PBZT conformation in MSA solution. For Force Office of Scientific Research (AFOSR) and Korea

example, the repeating unit ofPEK for 2aand2b should have ~ eséarch Foundation (KRF-2006-D00432).
the highest degree of freedom in molecular motion due to its
doubly kinked structure at the ether-linkage amephenoxy

orientation. As a result, thenPEK components twist the (1) (a) Wolfe, J. E. IrEncyclopedia of Polymer Science and Technalogy

; FR ; 2nd ed.; Mark, H. F.; Kroschmitz, J. I., Eds.; Wiley-Interscience: New
conformation of PBZT the most, resulting in a shorter effective York, 1988: Vol. 11, pp 602635 and references are there in. {bie

UV —vis Absorption and Fluorescence StudyPBZT is a
well-ordered, fused aromatic, rigid-rod polymer. The polymer
is highly conjugated to be optically and electrically activé.
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