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ABSTRACT: We present results of the phase behavior in sulfuric acid and a structural investigation in the solid
state by DSC and SAXS of a series of +awbil multiblock copolymers comprised of alternating pehghenylene
terephthalamide) (PPTA) and polyamide 6,6 (PA 6,6) blocks. These polymers were synthesized via a
low-temperature polycondensation reaction as described in the first paper of this series. Concentrated solutions
of the copolymers in sulfuric acid show a liquid crystalline phase if the mole fraction of PPTA exceeds 0.5. The
critical concentration for the transition from the isotropic to the liquid crystalline state increases with increasing
amount of flexible PA 6,6 segments. Comparison of the phase behavior of the copolymer with that of PPTA
provides strong evidence that the coils in the copolymer are significantly stretched in the nematic solutions.
Without solvent, DSC experiments show that the crystallization of the PA 6,6 is to a large extent suppressed by
the presence of PPTA, but the degree of crystallization increases upon annealing. SAXS experiments revealed
that, although some block copolymers show a peak in the SAXS data, there is no evidence for long-range lamellar
order in any block copolymer due to the absence of higher order peaks.

Introduction of the flexible component by the self-consistent orientational
field of the rigid component. In the MatheseR/lory mode?
chain stretching is not taken into account, and the flexible chains
d. only act as a diluent for the mesophase. The authors concluded
From a combination of viscosimetry, TGA, afd NMR and that.it would be better to compare the phase behavior with the
via an extraction procedure it was shown that a block copolymer Vasilenko model because this model does account for confor-
was obtained. In the present article we report on the phasemat'onal changes of the flexible component by the orientational
behavior of the block copolymers both in solution and in the fi€ld of the mesophase. In addition, the authors observed an
solid state as a function of polymer composition. It is commonly increased stability o_f t_he mesophase Wher! a semiflexibe chain
accepted that block copolymers comprised of alternating rigid Was coupled to a rigid homopolymer, which means that the
and flexible segments are potentially able to form liquid concentration range where the mesophase was present was
crystalline (LC) phases; however, only a limited number of qonS|derany increased. Th|§ was concludgd from the observa-
reports on liquid crystalline block copolyamides with segments tions that although the critical concentration for mesophase
of different rigidity have appeared in the literature. Most reports formation was slightly increased, the biphasic gap was strongly
on rod-coil block copolyamides deal with synthesis of the reduced and also the solubility of the copolymer was strongly
materials for the purpose of preparing molecular composites. €nhanced compared to the rigid homopolymer. To relate the
So far, two articles dealing with the lyotropic behavior of wholly ~ Phase behavior of the block copolymers to the model, the authors
aromatic block Copo|amides have been pub“shed Krigbaum et constructed phase diagrams as a function of concentration and
al2 reported on the phase behavior of multiblock copolymers composition at a fixed (ambient) temperature since both the
composed of rigid polyt-benzamide) (PBA) blocks and the Mathesor-Flory and Vasilenko theories originate from athermal
flexible blocks composed of polyterephthalamide pémi- lattice models.

nobenzhydrazide (PABH-T) or poly¢phenylene isophthala- In the present paper we report on the phase behavior as a
mide) (MDP-I) that were dissolved iN,N-dimethylacetamide  function of composition, concentration, and temperature, which
(DMAC) containing 3% LiCl. Later Cavalleri et & extended ~ means that evaluation of the obtained results with athermal
the work of Krighaum and reported on the phase behavior of theories is not applicable. However, Yurasova and Senfenov
diblock copolymers of PBA with either MDP:lor poly(m- as well as Wang and Warrferecently developed more
benzamidé)as the flexible block in the same solvent system. sophisticated models based on a mean-field approach of the
Cavalleri synthesized tailored diblock copolymers in order to Maier—SaupélO type that describes temperature-dependent
more accurately compare the phase behavior with the theoreticalphase behavior of block copolymers with rigid and flexible
models of MathesonFlory> and Vasilenkd. The authors  segments. In this paper we will compare our results to a
observed that a block copolymer bearing a longer flexible block modified Maier-Saupe mean-field theory adapted by Pidken

than allowed by the MatheseriFlory model was still able to  in order to estimate the effective persistence length of the block
form a LC phase. The authors attributed this to partial ordering copolymers in sulfuric acid.

In a previous publication we reported the synthesis of a series
of rod—coil poly(amideb-aramid) alternating multiblock co-
polymers using a low-temperature polycondensation metho

The second part of this paper concerns the structural

No;ﬁg;ﬁ”iz%d‘ygﬁair%’g'f"ﬁ[_?fg-s iTDﬁgihg:g?‘rgénge”- Olivier van jhyestigation of the copolymers in the solid state. Structural
* Corresponding author: e-mail S.J.Picken@tnw.tudelft.nl; F8lL 15 investigation of LC roe-coil block copolyamides in the solid

2786946; Faxt-31 15 2787415. state is not common although it is commonly accepted that,
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Figure 1. Chemical structure of a PPTB-PA-6,6 block copolymer.

Table 1. Inherent Viscosities and Composition of the Studied

Copolymers
amount of no. of repeat
Tinh flexible (PA 6,6) units’ of
polymer (dL g™ Mu? block (mol %) PPTAT™ PAnRN®
P10-4 1.87 11 000 29 10 4
P10-10 1.71 11 600 50 10 10
P4-4 2.06 17 200 50 4 4
P4-10 0.75 7 200 71 4 10

aPpolystyrene equivalent molar masses as obtained by using!SEC.
b Theoretical degree of polymerization depends on stoichiometnyand
n refer to Figure 1.

due to incompatibility of the components, a block copolymer

material will tend to phase separate and may possibly show long-

range order if the polydispersity of the blocks is narrow. A+od
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Small-angle X-ray scattering (SAXS) experiments were per-
formed on finely powdered copolymer samples at the SAXS facility
at the FOM Institute for Atomic and Molecular Physics (Amolf)
in Amsterdam, The Netherlands. In this setup a rotating anode X-ray
generator generates a highly parallel beam of monochromatic Cu
Ka radiation. A Linkam CSS450 shear cell was used as a sample
stage. A brass sample holder with Kapton windows was used to
replace the original glass windows. The SAXS patterns were
recorded with a Bruker High-Star area detector. The two-
dimensional SAXS patterns were integrated azimuthally and
corrected for the background to obtain one-dimensional plots of
the intensity as a function of the scattering veaer 4 sin 6/4,
where/ is the X-ray wavelength (0.154 nm) and the scattering
angle.

Results and Discussion
Solution Properties. a. Phase Behavior in Sulfuric Acid

coil block copolymer will display even higher incompatibility 1, phase behavior of PPTAA 6,6 block copolymers in
because of the strong structural difference between the blocksloo% sulfuric acid as a function of temperature was examined

that results in an increased tendency toward phase sepatation.
To our knowledge the only structural study of monodisperse
rod—coil block multiblock copolymers has been done by Lee
et al13 The authors synthesized a series of+adil copolymers

of which the rigid rod segments were made up of three biphenyls

by OPM. Because of the high viscosity of the polymeric

samples, phase transitions are not instantaneous. In addition,
because we are dealing with polymer solutions, there is a
temperature range where the isotropic and nematic phases
coexist. The obtained phase diagrams are shown in Figure 2.

connected through methylene ether linkages, and the flexible .o upper curve describes the transition from the biphasic (I

segments were made of poly(propylene oxide) with a degree
of polymerization of 13. By using SAXS, the authors observed
that the diblock copolymer displayed a lamellar structure and
the multiblock copolymers with a number of repeating units of

3 and more displayed a hexagonal columnar phase. The author%oncentration was measured at least five times. By taking the

also observed a rapid decrease of the long period of the observe
structure with increasing number of repeating units.

In the present study the polydispersity index of the block
copolyamides is rather high, and therefore the formation of well-

LC) to the isotropic (I) phase, and the bottom curve describes
the transition of the LC phase to the biphasic region. To
construct a phase diagram, five different polymer concentrations
were measured at a heating rate of@min. Each polymer

verage of these measurements, reasonably accurate and repro-
ducible values of the transition temperatures were obtained.
According to Figure 2, all copolymers show LC behavior when
dissolved in sulfuric acid although in samg#d-10only very

defined long-range ordered structures is not anticipated. Small-weak birefringence was observed. The observed texture of this

angle X-ray scattering (SAXS) measurements and differential
scanning calorimetry (DSC) have been performed in order to
get better insight into the extent of phase separation in the
copolymers and the melting and crystallization behavior of the
PA6,6 blocks, respectively.

Experimental Section

Synthesis. A series of four block copolymers composed of
alternating blocks of PPTA (polyphenylene terephthalamide) and
PA 6,6 (polyamide 6,6) were synthesized by a two-step low-
temperature polycondensation procedur@&imethyl-2-pyrrolidi-
none (NMP) containing about 10 wt % CaChs described in part
1.1 The chemical structure of a repeat unit of the block copolymer

is shown in Figure 1, and Table 1 summarizes some characteristics

of the block copolymers.
Measurements. Nematic-isotropic transition (clearing) tem-

peratures were determined as a function of polymer concentration

in sulfuric acid by OPM (optical polarization microscopy). A Nikon
Eclipse E600 Pol. polarizing microscope equipped with a Mettler-
Toledo FP82HT hot-stage was used.

Differential scanning calorimetric (DSC) measurements were
performed with a Perkin-Elmer TAC 7/DX DSC. All samples were
heated from 25 to 328C, next cooled to 28C, and heated again
to 325°C. The heating and cooling rates were “@min.

sample might indicate a phase-separated structure rather than a
LC phase.

To compare the phase behavior of the polymer samples,
Figure 3 shows the clearing temperatlireat which 50% phase
transition is observed vs polymer concentration. In this figure
the phase behavior of the copolymer samples, a high molecular
weight PPTA sample,n = 4.2 dL/g,M,, = 32 000) and a
low molecular weight PPTA-oligomer with a number of repeat
units ofm= 4 (yinn = 0.42 dL/g), is shown. From Figure 3 it
is clear that the critical concentration for the formation of a LC
phase increases with increasing fraction of the flexible fragments
in the block copolymer. Another striking observation that results
from Figure 3 is that coupling of flexible chains to rodlike
oligomers increases the stability of the LC phase, i.e., the LC
phase of copolymeP4-4 shows a greater thermal stability
compared to the PPTA oligomeP4-0), whereas the average
lengths of the rigid units in the copolymer and the oligomer
are the same. Another indication of the increased stability of
the LC phase of the block copolymer can be seen when we
compare the curve of samka-4with the curve of pure PPTA.
Pure PPTA shows a LC to | transition at ambient temperature
at about 8 wt %. If the flexible segments in the copolymer only
would act as a diluent, the phase transition for sanipie4 CDV
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Figure 2. Phase behavior of copolymer sampRE0-4 (a), P10-10(b), P4-4 (c), andP4-10(d) in 100% HSOQ,.
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Figure 3. Clearing temperaturd, at 50% phase separation as a
function of polymer concentration in 100% .50 of copolymer
samplesL10-4 P10-1Q P4-4, andP4-10,PPTA (MW ~ 32 000), and

a PPTA-oligomer with number of repeat unitef 4. Data points were
fitted with the eq 7 with ar parameter of 2/3:T,; = Ac®3, A values

of PPTA of 73.7 P10-40f 65.8,P10-100f 63.8,P4-4 of 62.8,P4-0of
58.7, andP4-100f 53.9 were found.

would be expected around 16 wt % since the copolymer contains
about 50% PPTA. However, the phase transition already occurs

at about 11 wt %, indicating that the polyamide coils are
significantly stretched and therefore actually contribute to the
stability of the LC phase.

b. Comparison of Phase Behavior with an Extended
Maier —Saupe (EMS) Theory. Next we will compare our
results to a modified MaierSaupe mean-field theory developed
by Picken!! The original Maier-Saupe (MS) theoB20 is
developed for low molecular weight thermotropic liquid crystals
and is based on a mean-field potentiathat can be written as

U = —¢[P,[P,(cosp) Q)

Solving the self-consistency equation
f_lld(cosﬁ) P,(cosp) ex;(ki_IJPZEPZ(cosﬁ))
fjld(cosﬁ) exp(ki_IJPZEPZ(cosﬂ))

[P,L= )

as well as requiring minimization of the free energy with respect
to MP,[gives a phase transition laf/e ~ 0.22 from the nematic
(N) to the isotropic (I) phase. The critical value of the order
parametellP,at the phase transition is about 0.43. Pidken
adapted the original MaietSaupe theory for application to
lyotropic polymer liquid crystals. This model takes, in contrast
to the original MS theory, both the influence of the concentration
of the polymer in a solvent and molecular flexibility of the
polymer into account since LC polymers are not completely
rigid. The molecular flexibility of a LC polymer is often
described by the persistence length, which is a measure of the
tendency of segments in a polymer chain to “remember” the
orientation of adjoining segments in the ch#iThe persistence
length is a measure for the rigidity of a polymer in a specific
solvent at ambient temperature and can be obtained from light-
scattering experiments. In the modified Mai€aupe theory
the “contour projection length’(T) was introduced, which like
the persistence length is a measure of the rigidity of a polymer
but is a function of both temperature and molecular weight as

given by
L p( LCT)
LoTo

TIT,

LM =L, @)

wherel, is the persistence length at temperatligeand L. is
the average contour length of a polymer chain. The limit of
this equation for infinitely long polymer chains givés =

and describes the influence of a nematic field on the orientation| 1T and for a very short molecule (compared to the

of one patrticle in that field. The strength of the potential is given
by the parameter. Po(cosp) = Y/,(3 cog S — 1) is the second-
order Legendre polynomial of cg% and P,0is the average
value, weighted by the orientational distribution function, of
the Legendre polynomidaP,(cos ) and is usually called the
order parametefP,[Jis O in the case of an isotropic phase and
would be 1 in the case of perfect molecular alignment.

persistence length)(T) = L, i.e., the length of a rod. Next it
is assumed that the strength of the potential can be given by

(4)

where e* is a scaling constant and the concentration. Our
choice for the exponentg and 6 (both 2) is based on th&DV

€= e*c'LOT) = e*ALAT)
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observation that dispersive van der Waals interactions scale asTable 2. Estimated Persistence Lengths of High MW PPTA and the

1/r 8 wherer is the distance between molecules. This dependence

is proportional to V2 or ¢, whereV is the volume. The value
for of the 6 parameter is not easily estimated. Assuming ¢hat

is proportional toL, i.e.,0 = 1, would seem reasonable from
the perspective that increasing the length of a rod in a nematic
environment would increase the orienting potential by the same
amount. But on the other hand, one can argue that the Maier
Saupe potential is a generalized two-particle interaction leading
to an L? dependence. Reasonable values #&orare thus

somewhere between 1 and 2. When comparing the calculations P4-10

with the experiments we, however, will use the value of the 2
since it has been shown by PicRémhat for aramid systems
dissolved in sulfuric acid this value fod gives the best
agreement with the experimental results. Substitution of eq 3
into eq 4 leads to

L.T

1-— ex;{—

] 2
Lpr
T/ Tp

€=¢* Cszz

®)

At the nematie-isotropic transition temperaturg, it was
already shown thakT,/e ~ 0.22 holds; as a consequence, at
Tni €q 5 can be written as

e*c, 2LA(T,) = kT,/0.22 (6)
Rearrangement of this equation provides a prediction of the
clearing temperature on the concentration that can be ap-
proximated quite well by

Ty = Ag” Q)

whereA anda are constants. For the infinite chain limit, i.e.,
Lc > Ly it can be derived that. = 2/3. Clearing temperature
vs concentration behavior of the polymer samples displayed in
Figure 3 was fitted with eq 7 with a fixed parameteof 2/3.
From Figure 3 it is clear for all polymer samples that there is
a remarkable good fit with eq 7.

c. Estimation of the Effective Persistence Length of the
PPTA-b-PA 6,6 Block Copolymers with the Extended
Maier —Saupe Theory.At a fixed value of T; the terms on
the right-hand side of eq 6 are all constant and it can be
simplified further to

C,L(T,;) = const (8)
This also means that the prodwgi at Ty of PPTA is equal to
cnik at Ty of the copolymer, or written slightly differently

Lcopolyme(Tni)

LPPTA(Tni)

If we can also neglect the influence of molecular weight on the
flexibility, i.e., if the molecular weight of the copolymer is
sufficiently high that its flexibility can be characterized by the
persistence length, then eq 9 can be further simplified into

ChipPTA

= 9)
Cni,copolymer

Cni,F’PTA _ I-p,copolymer

. (10)

ni,copolymer I-p,PPTA

From light scattering experiments in dilute solution ipS®,

it is found that the persistence length of PPTA at ambient
temperature is 23 5 nm1® From eq 10 therefore the persistence
length of the block copolymel, copoymercan be estimated if

Copolymers

critical concn for L, according Lp according

(I-LC) phase to phase to series model
transition aflT = behavior (via (viaeq11)
polymer 25°C (wt %) eq 10) (nm) (nm)

PPTA My 8.1 29 29
~ 32 000)
P10-4 10.3 243 20.6
P10-10 10.3 23.7 15.0
P4-4 15.0 224 15.0

13.8 18.1 9.4

we know thec, of PPTA and the copolymer at temperature
Thi, which can easily be determined from the phase diagrams.
The results of the calculation of the persistence length for our
copolymers are given in Table 2.

An alternative way to calculate the persistence length of the
copolymer is by taking the weighted average of the persistence
lengths of the individual polymers. As a result, a series model
is obtained

L copolymer= ®ppralp pprat Pensdppass (11)
wherel, pas 6iS the persistence length of PA 6,6, which is about
1.0 nmi617 A series model is chosen because this should be
considered as the upper bound of the copolymer persistence
length in the absence of specific interactions of the LC phase
on the flexible segment conformation. Values for the persistence
lengths of our copolymer samples calculated from the series
model are also shown in Table 2.

From this table it is clear that the persistence lengths of the
copolymers obtained from the MaieSaupe theory with phase
transition data obtained from the phase diagram are significantly
higher than predicted by the series model which indicates that
the polyamide coils in the copolymer are significantly stretched
by the mesophase.

Solid-State Properties. a. Effect of Copolymer Composi-
tion on Thermal Behavior Using DSC.DSC analysis of the
block copolymer samples is shown in Figures 4 and 5. Figure
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Figure 4. DSC plots of the copolymers.

4 shows the DSC traces from the second heating scan of all
copolymer samples. From this figure it is clear that crystalliza-
tion of PA 6,6 is to a large extent hindered by the presence of
PPTA. Only sample®4-10andP10-10show a melting peak

for PA 6,6 but the melting pointsTf, = 217 °C for P4-10and

Tm = 208°C for P10-1Q are strongly reduced compared to the
melting point of pure PA 6,6T ~ 265 °C). For copolymer
samples with short polyamide chairi¥44andP10-9 crystal-
lization of the PA 6,6 is fully suppressed. Traditionally, melting
point depression can be described by means of the HOffma(EIBV
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b. Microstructure of PPTA-b-PA 6,6 Copolymers Using
SAXS. SAXS measurements were performed on copolymer
sampledP10-4 P4-4, andP4-1Q For each sample two diffrac-
tion patterns were recorded, one at a temperature far below the
melting point of PA and one above the melting point of the PA
blocks. The intensity of the small angle scattering depends on
the composition ratio and the difference of the electron densities
of the rigid and flexible componenpg — pg):

1(a) ~ Prde(or — PF)2 (13)

where¢r and ¢r are the volume fraction of rigid and flexible
segments, respectively.

Endo =— Heat Flow— Exo
L

0 50 100 150 200 250 300 350 The Lorentz correction was made on the scattering intensity
Temperature (°C) according to
Figure 5. DSC plots of the annealed copolymers. 5
| o o I(0)* = 4l (q) (14)
Weekd®8 equation. The melting point of a semicrystalline
polymer according to this equation is given by wherel(q) is the observed scattering intensity aifdg)* is the
corrected intensity. This correction compensates for the random
- 2y, orientations of periodic systeRfand results in the peaks being
Tn=Tn(1- AH, (12) sharpened and moved to slightly higltevalues, compared to
the uncorrected SAXS curves. SAXS profiles of our block
where Ty, is the observed (typically 2653C) and T3, the copolymer samples are shown in Figure 6. For each block
equilibrium melting point T, = 300 °C for PA 6,69, ye the copolymer sample first a measurement was made above the

surface free energy\H; the heat of fusion, ani the lamellar ~ melting point of the polyamide blocks. Next, the sample was
crystal thickness. If PA 6,6 crystallites melt in a matrix that cooled, and a second measurement was made at a temperature
only contains PA 6,6, the surface free energy between matrix far below the melting point of the polyamide blocks.

and crystallites is (much) smaller than if PA 6,6 crystallites melt ~ The position of the scattering maxim@max can be used to

in a matrix that also contains PPTA. Therefore, with increasing estimatelops the average observed long period of the structure
PPTA content in the copolymer the PA 6,6 melting point should given by

reduce if the lamellar crystal thickness remains constant. From

Figure 4 it is clear that the melting point &4-10is higher Lops= 2 (15)

than for P10-10whereas the polyamide block length remains Omax

constant. . ] .

To investigate the melting of PA 6,6 by introducing PPTA If we assume that the don_wams repeat one-dlmensm_nally, we
in more detail, DSC analysis was performed on all copolymer €an cgl_culate the long spacing as the sum of the domain lengths
samples after annealing overnight at a temperature of@s0  Of @ rigid block and a flexible blocklea = Lz + Lg). If, for
Figure 5 shows the curves of the first heating scan. It is clear the sake of S|mpI|C|ty_, the effect of molecular welght_d_lstrlbutlon
that the annealing process induces crystallization since all f Poth components is not taken into account, the rigid-segment
copolymer samples show at least one melting peak. The overalldomain lengthLr for a perfect rigid rod is the product of the
degree of crystallinity increases with increasing the fraction of Monomer lengtfa and the degree of polymerization RP
polyamide and with increasing the length of the polyamide L. = aDP (16)
blocks, as expected. The sequence of the degree of crystallinity R R
is P4-10> P10-10> P4-4 > P10-4

Remarkably, all polymer samples show a melting peak around
190 °C, but for copolymer sampleB4-1Q P10-1Q andP4-4

In the case of a perfect lamellar rearrangement in a-owdl
multiblock copolymer, the flexible coil segments will not be

also a second melting peak is observed at respectively 225 267able to adopt a Gaussian conformation and as a consequence
gp P Y ’ would be significantly stretched. A schematic illustration of such

and 310°C. This shift to a higher melting point might be a lamellar phase is shown in Figure 7.
explained by a better-developed phase separation due to the The length of the flexible domain can be calculated if the

2n6ni§!:ggﬁzgﬁ?nsséowﬂgﬁgﬁgnhffhﬁ,reoég?staésggggg 5{2 mass of the rigid and flexible domains is known. The mass of
' ) P ta rigid domainMg can be written as

conformational entropy, and as a consequence the melting poin
increases sinc&y, = AH/AS Mg, = LeAog (17)
It is expected that the glass transition temperature of the PA

in the rod-coil copolymers considered here will progressively \here A is the interfacial area between a rigid and flexible
increase with increasing amount of PPTA because the mobility gomain andpg the density of the rods. The mass of a rigid
of the amorphous polyamide chains will be significantly gomain can also be given by

constrained by the surrounding PPTA chains. However, with

the DSC apparatus we have used no clear glass transition was Mg = NmyDPg (18)
observed in the DSC curves even for the sample with the highest

the amount of PA R4-10. DMA measurements will be  whereN is the number of rods ants the mass of the rod repeat
performed in order to detect glass transitions of the PA 6,6 unit. Similar equations can be written for a flexible coil domain:
blocks. The results of the DMA measurements will be presented

; ; Mg = LAp. = Nm.DP, (29)
in a following paper. F FAPE MDD cDV
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Figure 6. SAXS images of copolymer samplB40-4(a) measured a = 25°C (l) andT = 220°C (ll), P4-4(b) measured af = 25°C () and
T = 260°C (Il), and P4-10(c) measured atf = 50 °C (I) and T = 230°C (Il).

(

Table 3. SAXS Results

polymer  temp{C) Lops(nm) Le(nhm) Lg(nm)  Lca(nm)

P4-10 20 7.0 13.6 20.6

| 220 7.0 13.6 20.6

P4-4 25 7.1 7.0 5.8 12.8

230 7.7 7.0 5.8 12.8

P10-4 50 16.2 5.8 22.0

LHHAT 230 7.7 16.2 5.8 22.0

I <5 é 2 Results for the observed long spacihgg for our copolymers

samples are given in Table 3 and are much smaller than the

calculated valuegq, of a lamellar phase.

An explanation for this large difference might be because a
perfect lamellar arrangement in which the coils are significantly
stretched is highly unfavorable in terms of entropy. This strong
entropic penalty can be reduced if the sheetlike rod domains
break up into smaller domains. In this case the flexible coils
are less confined because they can occupy space lateral to the
rigid-segment domains, and as a result the observed long period
is significantly decreasef:?122

Assigning a structure simply by comparing the observed and
_ P_Rﬁ aDP. (20) the measured long order is for our copolymers not straightfor-

Pr Mg F ward because the observed peaks in SAXS are rather broad
because of the high polydispersity index.

Figure 7. Schematic illustration of a lamellar structure of a multiblock
rod—coil block copolymer.

whereMg is the mass of a flexible domaipg the densityme

the mass of a repeat unit of the flexible coils, and-fife degree

of polymerization of the coils. The number of coils in a domain
is the same as the number of radsThe length of the flexible
domainLg can be calculated by substitution of egs 16, 17, and
18 into eq 19 and is given by

L

The densities of amorphous PA 6,6 and PPTA are respectively .
1.14 and 1.44 g/cfa Conclusions

Figure 6 reveals that all copolymers show different patterns.  Four rod-coil block copolymers differing in block length
SampleP10-4shows no peak in SAXS. This can possibly be were synthesized which are composed of alternating flexible
explained by assuming that the small PA blocks are more or PA 6,6 and rigid PPTA blocks. Concentrated solutions of these
less randomly distributed in the rigid polymer and therefore do copolymers in sulfuric acid are liquid crystalline if the aramid
not phase separate into an ordered structure. SaRvpiéis content in the copolymer is at least 50 mol %. The phase
the only sample that shows a peak in SAXS both above and behavior of these solutions demonstrates that the liquid crystal-
below the melting point of PA. The observed peaks, however, linity involves induced orientation of the flexible polyamide coils
are rather broad, and the spectrum shows no higher order peakshecause liquid crystallinity of the block copolymer is found to
This observation is typical for block copolymers obtained via a occur at a lower polymer concentration compared to a PPTA
polycondensation method having a rather high polydispersity oligomer with the same block length. This means that the
index. SampleP4-10 only shows a peak in SAXS at high incorporation of aramid blocks in the copolymer induces
temperature. Since crystallization of the PA blocks in this stretching of the flexible coils, and this stretching will make
polymer will increase its density, the density contrast between the copolymer stiffer than expected initially. Complementary
regions with rigid and flexible blocks will be reduced. The to the study on the LC behavior of the copolymer samples
crystallization destroys the ordering and reduces density contrastreported here, we intend to study the orientational order of the
which leads to no scattering peaks at room temperature. After LC solutions by means of X-ray scattering. Results of this work
the melting of PA 6,6, the ordering is reconstructed, and a clear will be presented in a following paper.
scattering peak appears in the small-angle X-ray scattering SAXS and DSC measurements were undertaken to study
pattern. Sincé*4-4does not crystallize at room temperature as solid-state properties of the prepared block copolymer. DSC
well as at high temperature, there is no destruction effect of the measurements revealed that crystallization of the PA blocks was
phase-separated layer structure from crystallization. The SAXSto a large content suppressed by the presence of the aramid
curve of samplé®4-4 measured above the melting point of PA  blocks. In addition, the melting point of the amide blocks is
6,6 is sharper, indicating a more developed phase separatiordecreased strongly due to the presence of the aramid blocks.
compared to the curve measured at ambient temperatureThe SAXS curves obtained from polymer sampk&4 and
Because the phase separation is better developed, the polyamidB4-10showed a broad peak, indicating microphase separation
coils are more stretched and the observed peak is shifted to ahat was not very well developed. This observation is also
lower g value. supported by the absence of higher order peaks. In addiéi_))r{,/
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the observed periodicity is significantly smaller than that (4) Cavalleri, P.; Ciferri, A.; DellErba, C.; Gabellini, A.; Novi, M.

Macromol. Chem. Phy4.998 199, 2087-2094.

expected for a perfect lamellar phase. Therefore, it is plausible
(5) Matheson, R. R., Jr.; Flory, P. Macromoleculesl981, 14, 954—

to suppose a less well-developed broken lamellar or cylindrical 960

phase where the long Pe”Od is strongly _redUCEd to diminish (6) Vasilenko, S. V.; Khokhlov, A. R.; Shibaev, V. Macromolecules

the unfavorable entropic penalty for chain stretching of the 1984 17, 2270-2275.

flexible coils. (7) Yurasova, T. A.; Semenov, A. Niol. Cryst. Lig. Cryst.1991 199
We expect that this type of block copolymers will display 301.

interesting mechanical properties. We believe that films and (8) Wang, X. J.; Warner, MLig. Cryst. 1992 12, 385-401.
(9) Maier, W.; Saupe, AZ. Naturforsch.1959 14A 882-889.

f|bers_of this kln_d of_polymer will co_mb_lne a hlgh r_nodulus in (10) Maier, W.: Saupe, AZ. Naturforsch 1960 15A 287—292.

th_e allgnment direction due to 'ghe liquid crystallinity anq also (11) Picken, S. MMacromolecule€1989 22, 1766-1771.

will display high-energy absorption because of the combination (15) Fiory, P. JMacromolecule€978 11, 1138-1141.

of the rigid segments providing stiffness and flexible segment (13) Lee, M.: Cho, B.-K.; Oh, N.-K.; Zin, W.-CMacromolecule2001,
providing elasticity. The study of the mechanical properties in 34, 1987-1995.

relation to the structure of both copolymer fibers and films will  (14) Xu, Z. D.; Hadjichristidis, N.; Fetters, L. J.; Mays, J. Atv. Polym.

be treated in a subsequent paper. Sci. 1995 120 1-50. .
(15) Ying, Q. C.; Chu, BMakromol. Chem., Rapid Commuh984 5,

. . 785-791.
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