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ABSTRACT: Laser light scattering was used to determine static and dynamic solution properties of five
poly(1,4-benzamide) (PBA) samples in dimethylacetamide (DMAC) with 3% (g/mL) LiCl. The results show
D°, = 1.24 X 103M, 0% cm?/s with M,, expressed in units of grams per mole and a persistence length p of
75 + 3 nm. As the ap (=0.89) value and the persistence length for PBA in DMAC with 3% (g/mL) LiCl are
greater than those for poly(1,4-phenyleneterephthalamide) (PPTA) in concentrated sulfuric acid, PBA in
DMAC/LiCl has stiffer chains than PPTA in concentrated sulfuric acid. Concentration and angular dependence
of mean line widths as well as molecular weight distributions derived by using different methods of data analysis

are presented.

Introduction

Dynamic light scattering in combination with static light
scattering intensity measurements has been used suc-
cessfully to determine both the static and dynamic prop-
erties of wormlike macromolecules in solution, such as
poly(1,4-phenyleneterephthalamide) (PPTA) in concen-
trated sulfuric acid.l?® Poly(1,4-benzamide) (PBA) is an-
other important aromatic polyamide polymer material that
yields high-thermal-stability, high-modulus, and high-
tensile-strength fibers from solution spinning of anisotropic
dopes. PPTA and PBA have similar chemical chain
structure, the only difference being the incorporation into
the chain of all amide groups in the “head to tail” order
for PBA and in the alternating order for PPTA. Thus, the
rigidity of the PBA molecular chain greatly exceeds that
of PPTA.* The static and dynamic solution properties of
these two polymers can also be expected to be somewhat
different. We have published static and dynamic light
scattering characterization of PPTA in 96 wt % sulfuric
acid.2® The present work reports recent experimental
results on static and dynamic solution properties of PBA
in dimethylacetamide (DMAC) with 3% (g/mL) LiCl

Experimental Section

1. Materials. Five different molecular weight poly(1,4-
benzamide) samples were kindly provided by Professor J. Wang
of the Shanghai Institute of Resins in Shanghai, China.

The solvent mixture was prepared by dissolving 3% (g/mL)
LiC), which was dried at 450 °C for 3 h, in N,N-dimethylacetamide
(DMAC) (certified reagent ACS, Fisher Scientific Co.) and kept
in a drybox before use.

Solutions at different concentrations were prepared by dilution.
The stock solution was made by dissolving 0.13 g of PBA in 10
mL of filtered DMAC/LiCl solvent mixture. The middle portion
of each centrifuged solution (after 2 h of centrifugation at 1 X
10* gravity) was transferred to a screw-capped (with Teflon
packing inside) 16-mm-o.d. light scattering cell and stored in a
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drybox except during light scattering experiments. All mea-
surements were completed within a few days after preparation
of solution, but for sample 4 (see Table I) light scattering mea-
surements were performed periodically over about a 1-mo. period
in order to check the solution stability.

The condition for centrifugation was further tested by making
light scattering measurements at upper and lower portions of a
PBA solution after 6 h of centrifugation at 3 X 10* gravity. The
agreement signified that PBA was not fractionated by centrifu-
gation, yet our procedure was sufficient to eliminate most of the
dust particles in solution.

2, Methods of Measurement. The refractive index n and
the refractive index increment (dn/dc) of the DMAC/LiCl solvent
mixture were determined at 30 °C by using a Brice-Phoenix
differential refractometer. For the measurement of n of the
solvent mixture, we used chloroform (n = 1.4446 at Ay = 546 nm,
25 °C) as a reference standard. At 30 °C and Ay = 514.5 nm, the
values of n and (dn/3dC)y for the solvent mixture are 1.4491 and
0.3426 mL /g, respectively.

The viscosity 5, of the DMAC/LiCl solvent mixture was de-
termined at 30 °C by using a Ubbelohde viscometer with cyclo-
hexane as a reference standard

n0/d = Ft - (B/t) 0y

where d is the density, F is an instrument constant, and B is
related to the kinetic energy term. When the flow time ¢ is long
enough (usually ¢ > 120 s), the B/t term in comparison with Ft
is negligibly small. At 30 °C the values of 7, and d for the solvent
mixture are 1.354 cP and 0.9596 (g/mL), respectively. The
DMAC/LiCl (3% g/mL) solvent showed no absorption peak in
the wavelength range between 600 and 400 nm.

The light scattering apparatus has been described elsewhere.®
We used a Lexel Model 95 argon ion laser operating, nominally,
at ~250 mW. All light scattering measurements were performed
by using Ay = 514.5 nm. Intensity measurements were accumu-
lated automatically every 4.5° between 18° and 135° scattering
angles ().

Correlation function measurements were made by using a
128-channel Brookhaven Model BI-2030 digital correlator. Only
those time correlation function measurements whose base-line
difference between calculated and measured values was less than
0.1% were accepted. A few low-angle (18°-24°) data that showed
a base-line difference of around 0.2% were also analyzed. Cor-
relation function data were accumulated every 6° between 8 =
18° and 60° and every 15° between 60° and 120°. The light

© 1987 American Chemical Society



872 Ying and Chu

Macromolecules, Vol. 20, No. 4, 1987

Table I
Static and Dynamic Properties of PBA in DMAC + 3% (g/mL) LiCl

sample 107*M,, 107%4,, (cm®mol)/g? R,° nm Rp,° nm p, Nm ) 8o
1 5.17 1.63 32 18 7583 0.40 0.90
4 4.41 75 £ 3 0.41 0.90
5 2.88 753 0.51 0.90
3 22.9% 0.59 90 66 (0.22)
2 5.52 0.31 36 75 %3 0.40 0.90

¢ Estimated precision £10%. °This may not be a true molecular weight of sample 3; association could be a cause for this high value.

scattering spectrometer was calibrated by using benzene and
NBS-705 polystyrene in cyclohexane.

3. Methods of Data Analysis. Static Properties. For
wormlike chains, the weight-average molecular weight M,, the
second virial coefficient A,, the z-average root-mean-square radius
of gyration (R,?),'/2, the molecular anisotropy 4, and the per-
sistence length p are determined by analysis of the vertical and
horizontal components (AR, and AR,;) of the excess Rayleigh
ratio with vertically polarized incident light using the same ap-
proach as described in our recent publications’?

lim (HC/AR,,)/? =
(HC/AR)VHL + (AML)C/[1 + (4/5)8% + ..} (2)
lim (HC/ARy,) = (HC/ARy)o + O(CY @)

where (HC/AR )y = limgo (HC/AR,,) and ((HC/ARy,), = limg..o
(HC/ARy,). The optical constant H is equal to (4wn®)(dn/
dC)?/(N4)o"), and the magnitude of the momentum transfer vector
K is equal to (4wn /o) sin (6/2).

Experimentally, by treating measurements of AR, and ARy,
as a function of K and C, we get

M, (HC/AR.), = 1/M,,, = 1/[M,(1 + (4/5)8)] (4)

(Rpy: lim (HC/ARy) = (1/Mugg)[L + (BP)appK?) /3 + ..]
(5)
Ay }(1_1310 (HC/AR)™ = (1 + (4/5)0)M,, - 24,M,*C + O(C?
(6)
with
(ARu/ARy)o = [382/(5 + 46%)] (M
(R, = {1+ (4/5)8 /[1 ~ (4/5)8 + (4/T)S* IR app )]

The persistence length was determined by the same approach as
in our previous work.” The slope, Y = (1/9)p[L - 8p - (4/5)8¢p],
obtained by plotting {{AR,(0)/(HCM)] - (4/3)[AR (0} /(HCM)]}
vs. K? is a function of the degree of polymerization N of the
macromolecule, where AR,(0) = limq ., AR, and AR, ,(0) = limy_q
ARy,. Then a plot of Y against N yields (1/9)pb and (1/9)(3 +
(4/5)8,)p? as its slope and intercept, respectively, where the contour
length L = Nb with b being the length of the repeating unit. Thus,
both é and p can be evaluated.

Dynamic Properties. The measured intensity time correlation
function in the self-beating mode has the form

GA(r) = A(L + BIgW()P) 9)

where |g(r)] is the first-order normalized electric field correlation
function, A is the background, and @ is a spatial coherence factor
usually taken as an adjustable parameter in the data-fitting
procedure. The mean characteristic line width T' and the second
moment u, are defined by

r=j; G(D)T dr (10)

w= f “G(r(r - M2 dr (11)

The cumulants method,® the multiexponential singular value
decomposition (MSVD) technique,®® and the CONTIN® method
are used for data analysis of the measured net self-beating au-

tocorrelation function (A8lg™(+)[?). The magnitudes of the mean
characteristic line width I and of its variance (u,;/T'?) obtained
from those methods are compared.

At small scattering angles (with KL < 1), the mean charac-
teristic line width T is related to the z-average translational
diffusion coefficient D, by

lim I' = D,K? (12)
K—~0
and
D, =D (1 + k40) (13)

where the superscript zero denotes the value at infinite dilution
and k4 is the diffusion second virial coefficient.
At larger scattering angles, T' has the form

T/K? = D,(1 + f(R?)ppK? (14)

Thus, the term D,° (=I'(0,0)/K?) can be evaluated from plots of
(T(C,K)/K? vs. concentration and scattering angle, similar to the
Zimm plot used in static light scattering data analysis. For
polydisperse polymer samples, the z-average translational diffusion
coefficient at infinite dilution D,? obeys the scaling relation

D = KpM, ™0 (15)

in the absence of internal motions, and the hydrodynamic radius
Ry, has the form

Ry, = kgT/(6rn,D,0) (16)

where kg and 7, are the Boltzmann constant and the solvent
viscosity, respectively.

Polydispersity Analysis. The normalized electric field au-
tocorrelation function |g(7)| is related to the characteristic
line-width distribution G(I') according to

lgV(n)| = fo “G(T) exp(-T'7) dT an

The quantity G(T') dI" represents the fraction of the total
integrated intensity scattered by particles having characteristic
line width from I to I' + dT. By means of eq 15, the molecular
weight distribution (MWD) can be evaluated on the basis of the
approximate G(I') that we retrieved using the CONTIN and
MSVD methods.

Results and Discussion

1. Static Properties. Equations 4-6 can be repre-
sented by a Zimm plot. However, for wormlike macro-
molecules a distorted Zimm plot was often observed, as
shown in parts A and B of Figure 1 for PBA samples 1 and
2, respectively. Table I lists the weight-average molecular
weight M, the z-average radius of gyration (R,?)'/2, the
second virial coefficient A,, and the molecular anisotropy
6 of five PBA samples. In order to check the stability of
PBA in DMAC with 3% (g/mL) LiCl, the light scattering
intensity of sample 4 at different scattering angles and
concentrations was measured periodically over a period of
about 1 mo. A Zimm plot of those measurements is shown
in Figure 2, where the cross points were measured within
2 days after the solutions were prepared and the solid
points were measured within 1 mo after solution prepa-
ration. Our results show that the intensity of light scat-
tering measured from dilute solutions with concentrations
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Figure 1. (A) Zimm plot for PBA sample 1 in DMAC + 3%
(g/mL) LiCl. Concentrations of solution; C1 = 5.08 X 10~ g/mL;
C2=1.09x%x10%g/mL; C3 = 1.48 X 108 g/mL; C4 = 2.24 X 10°°
g/mL; C5 = 3.03 X 10° g/mL; C6 = 4.32 X 10° g/mL. The range
of scattering angles measured 19.5°-123°. (B) Zimm plot for PBA
sample 2 in DMAC + 3% (g/mL) LiCl. Concentrations of so-
lution: C1 = 3.01 X 10 g/mL; C2 = 4,562 X 10 g/mL; C3 = 6.28
X 10* g/mL; C4 = 8.88 X 10 g/mL; C5 = 1.04 X 10 g/mL;
C6 = 1.19 X 10 g/mL. The range of scattering angles measured
24°-127.56°. Hollow circles denote limg_., [HC/AR(C)] and
hollow squares, lim¢_o [HC/AR(K)].
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Figure 2. Zimm plot for PBA sample 4. Measurements were
performed 2 days after preparation of solutions (+) and 1 mo after
preparation of solutions (®). Hollow circles (O) denote limg._.o
[HC/AR(C)] and hollow squares (O), lim¢_.y [HC/AR(K)].

less than 2 X 1072 g/mL were reproducible, but for solu-
tions with concentrations higher than 2 X 1073 g/mL the
scattered intensity increased with time after the solution
preparation. This increase might be attributed to mo-
lecular association which could take place in moderate
concentrations for rigid-chain macromolecules.

Solution Properties of PBA in DMAC 873
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Figure 3. Plots of [AR,.(0)/(HCM,)] - (4/3)[AR(0})/ (HCM,)]
vs. sin? (8/2) for four PBA samples of different molecular weights.
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Figure 4. Plot of Y = (1/9)p[L - 3 — (4/5)8¢p] vs. weight-average
degree of polymerization N, of PBA samples according to Y =
(1/9)8bN ~ Y,, where Y, = (1/9)[8 + (4/5)80]p% (—) p = 75 nm;
(=+=¢) p =80 nm; (...) p = 70 nm.

Table 1II
Persistence Length o and Segment Anisotropic Factor §; of
PBA, Estimated from Experimental Data in Figure 4

p, M By source
75 0.90 linear least square fitting result
70 0.97 calculated from eq 8 of ref 7
76 0.84 calculated from eq 8 of ref 7
80 0.57 calculated from eq 8 of ref 7

Figure 3 shows a plot of [AR(0)/(HCM,)] — (4/3) X
[AR(0)/ (HCM,)] vs. sin? (8/2) for four different molec-
ular weight PBA samples. The slopes obtained from
Figure 3 were plotted against N,, (with the subscript w
denoting weight average), yielding both the persistence
length p = 75 nm and the segment optical anisotropy factor
6, = 0.90, as shown in Figure 4. By considering the
possible maximum error of experimental data, we have
drawn the dotted lines of p = 70 nm and p = 80 nm in
Figure 4, and the value of §, calculated from those inter-
cepts which correspond with p values (70 nm < p < 80 nm)
are listed in Table II. A low value of §, (=0.57) is not
acceptable since PBA is a wormlike chain. With §, = 0.90,
it is reasonable to consider that the persistence length of
PBA, p, in DMAC is 75 = 3 nm. In comparison with the
results calculated from Benoit’s equation (eq 8 of ref 7),
Figure 5 demonstrates that &, = 0.97, which gave the most
satisfactory fit of the experimental data to the curve p =
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Table I1I
Comparison of Calculated Overlap Concentration C** with C*, at Which the Linear Relationship for the Concentration
Dependence of AR,,/(HC) and I'/K?2 Begins to Deviate

sample 107*M,, L,°nm d, nm p, DM 103C opa® C** 1car g/mL
1 5.17 287 0.6 75+ 3 1.5 1.39
4 4.41 245 0.6 75+ 3 1.6 1.44
5 2.88 160 0.6 75 £3 1.6 1.61
3 22.9 1.27 x 108 0.6 753 1 0.96

9Lg = (My/My) lo. My =119. [, = 0.66 nm.? ®Estimated precision of C* is £10%.
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Figure 5. Plot of (5/89)? vs. L,. Curves were calculated according
to Benoit’s equation (eq 8 of ref 2) by using different values of
persistence length: (—) p = 75 nm; (...) p = 80 nm. Points are
calculated from experimental data assuming different 8, values:
(3) & 5 = 0.90; (A) §, = 0.97.

75 nm. p values evaluated from the two methods men-
tioned above are fairly consistent, with §, values varying
less than 10%. However, a plot of (8/8,)? against L, is not
sensitive to the change in persistence length, as shown in
Figure 5.

Arpin et al.!! reported a persistence length of 40-60 nm
for PBA in concentrated sulfuric acid, which is about 3
times higher than p = 17.5 nm for PPTA in concentrated
sulfuric acid. A persistence length p = 75 £ 3 nm found
in this work is 2.6 times higher than p = 29 nm for PPTA
in concentrated sulfuric acid, as reported in our previous
work.” Although there is disagreement for the persistence
length of PPTA between the two labs, the agreement for
the persistence length of PBA in two different solvents is
reasonably close. There are additional persistence length
values reported in the literature. For example, Prozorova
et al.1? reported p = 19.5 nm for PBA in DMAC with LiCl
from sedimentation measurements. Schaefgen et al.l¢ in-
ferred a p value of 24 nm for both aromatic polyamides
(PBA and PPTA). A theoretical value of p = 43.5 nm for
aromatic polyamides was presented by Flory and Erman?®
from a rotational isomeric state calculation based on a
planar and fully extended chain configuration. On the
other hand, a p value of 105 nm for PBA in sulfuric acid
was evaluated by flow birefringence measurements.'® The
105-nm value appears quite high even if we take into ac-
count solvent quality changes between sulfuric acid and
DMAC. Nevertheless, there are significant differences in
the magnitude of the persistence length between our re-
sults and the literature values, but general agreement that
PBA has a higher persistence length than PPTA. The
higher rigidity of the PBA chain has also been verified in
a theoretical deduction by Russian scientists.!?

In crossing over from semidilute to concentrated solution
regimes, several papers>'™1° mentioned a rather abrupt
change of both static and dynamic solution properties of
macromolecules. In a plot of [AR,,/(HC)] vs. concentra-
tion at constant molecular weight of PPTA in concentrated
sulfuric acid (with and without K;S0,),2 a minimum value
for [AR,,/(HC)], occurred at concentration C,,, which can
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Figure 6. (A) Plots of AR,,/(HC) vs. C for different PBA samples
in DMAC + 3% (g/mL) LiCl: (O) sample 1 M,, = 5.17 X 10%
(@) sample 4 M, = 441 X 10%. (B) Plots of (I'/K? vs. C for
different PBA samples as listed in A.

be regarded as the overlap threshold concentration from
the semidilute to the concentrated solution regime. In our
previous paper,!” we have presented an equation for C**
(=C,) of wormlike macromolecules

C** = 0.243M /(N yd*L*?) (18)

where the effective length L* = (oL)Y/2 and the effective
diameter d* = (L/p)'/4d can be calculated from macro-
molecular contour length L, diameter d, and persistence
length p. The concentration dependence of AR,,/(HC) and
I'/K? for PBA-DMAC with 3% (g/mL) LiCl is demon-
strated in parts A and B of Figure 6. However, the
turnover concentration for PBA is often not as pro-
nounced. The deviation from a linear relationship on the
concentration dependence of AR, /(HC) and T'/K? occurs
at the same concentration (C*), which is close to the C¥*
value calculated from eq 18. It is reasonable to deduce that
the value of C* would be less than or close to C**, Values
of C** and C* are listed in Table III. Furthermore, for
different PBA samples, at C < C* the value of [AR,,/(HC)]
may either increase or decrease with increasing C up to
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Figure 7. (A) Normalized intensity time autocorrelation function
of PBA in DMAC + 3% (g/mL) LiCl at 30 °C. C = 3.01 x 10™*
(g/mL); 6 = 30°. (B) Plot of the relative deviation of the measured
correlation function of A, from the calculated third-order-cu-
mulants fit.

Table IV
Average Line Width and Variance of PBA in DMAC + 3%
LiCl (g/mL) Using Different Methods of Data Analysis

108(T/
K?),
method sample (I)fast u/T? cm?/s
third-order 1 907 0.41 8.50
cumulants
4 653 0.58 9.00
5 1.06 x 10° 0.38 11.5
3 211) 0.57) (2.00)
CONTIN 1 904 0.45 9.13
4 726 0.43 9.81
5 1.08 x 10% 0.52 114
3 (246) (0.56) (2.50)
MSVD 1 889 0.40 8.95
4 704 0.71 9.54
5 1.06 X 10% 0.39 11.1
3 (161) 0.2) (1.49)

%C denotes lowest measured concentration: sample 1, C = 5.08
X 10™ g/mL; sample 4, C = 3.45 X 107 g/mL; sample 5, C = 7.40
X 107 g/mL; sample 3, C = 3.70 X 10 g/mL. Scattering angle 8
= 30°.

C = C* (Figure 6A), and the ('/K? value, in the opposite
way, decreases or increases with C up to C* (Figure 6b);
at C = C* the slope shows an apparent change.

2. Dynamic Properties. Parts A and B of Figure 7
are examples of the measured time autocorrelation func-
tion and the relative deviation of the measured correlation
function of Figure 7A from a third-order-cumulants fit,
respectively. The magnitude of the mean characteristic
line width T' and of its variance calculated from the
third-order-cumulants method, the MSVD technique, and
the CONTIN method are summarized in Table IV. The
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Figure 9. log-log plots of D,° vs. M,, at 30 °C, where D,? denotes
the z-average translational diffusion coefficient at infinite dilution
analyzed by using different methods of data analysis: (O)
third-order-cumulants methods; (¢) CONTIN method; (a)
MSVD method. M, is the weight-average molecular weight.

T values obtained from those three different methods are
in reasonable agreement (within 1%-8%), except for those
for sample 3 which show very high molecular weight and
poor fitting results by all three methods of data analysis.
Association might be a cause for the abnormally high
molecular weight for sample 3. At 8 = 30°, the value of
KL, (=11.6) is much greater than one. Thus, internal
motions should be considered. Figure 8 shows a plot of
(T'/K?) vs. K? and C for sample 4 from a third-order-cu-
mulants fit. From the intercept D,’ is obtained. A
least-squares fitting of log D, (by three independent fitting
methods) vs. log M,, for four PBA samples, as shown in
Figure 9, yields

D% = 1.24 x 103M, 0% (19)

with D,° and M,, expressed in units of squared centimeters
per second and grams per mole, respectively. The (T'/K?),
values obtained by using the three independent fitting
methods agree within 7%, 9%, and 4% for samples 1, 4,
and 5, respectively, but ~34% for sample 3 as shown in
Figure 9 and Table IV. Thus, eq 19 represents a relatively
rough estimate of the scaling relation with fairly large
uncertainties in both the exponent (0.89) and the ampli-
tude factor. From the relation a, = 3ap - 1, o, = 1.67.
Papkov and co-workers!? have reported an a, value of 1.85
for PBA in DMAC + 3% LiCl at 20 °C. Schaefgen“ found
two distinct regions: below M, = 1.2 X 10* o, = 1.7 and
above M, = 1.2 X 10* o, = 1. 08 for PBA in concentrated
sulfuric ac1d Arpin ané Strazielle!! pomted out that ac-
cording to their experimental data a, = 1.5 for PBA in
concentrated sulfuric acid (4 X 10% < M < 1.6 X 10% and
a decreases with increasing molecular weight. As the
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Table V
Average Molecular Weight and Polydispersity of MWD of PBA Using Different Methods of Data Analysis
method sample 1074M,, 10~¢M, 1074M, M,/M, M,/M,
CONTIN 4 2.63 4.77 11.8 1.82 2.47
5 1.81 3.00 6.69 1.66 2.23
MSVD 4 2.30 3.84 10.8 1.67 2.80
5 2.20 3.28 8.67 1.49 2.64
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Figure 10. (A) Characteristic line-width distribution of PBA
samples with different molecular weights based on the CONTIN
method: (O) sample 1; (@) sample 4; (V) sample 5. G(T') is
represented by a continuous distribution curve. (B) Characteristic
line-width distribution of PBA samples with different molecular
weights based on the MSVD technique: (O) sample 1; (#) sample
4; (v) sample 5. G(T') is represented by a discrete distribution
curve.

published intrinsic viscosity data were quite scattered,
there is no a priori reason to accept the literature value
as reliable. In comparison with PPTA, the high o, and p
values show PBA to have wormlike chain behavior.

3. Molecular Weight Distribution. The character-
istic line-width distribution, G(I"), of PBA samples 1, 4,
and 5 retrieved by using CONTIN and MSVD methods
are shown in parts A and B of Figure 10, respectively. The
continuous G(T') curve as obtained by the CONTIN me-
thod appeared to distribute more uniformly with less em-
phasis at the low-frequency limit than the discrete G(T")
curve based on the MSVD method. For sample 4, the
CONTIN method showed two peaks in the G(T') distri-
bution curve (Figure 10A), but the data retrieved by using
the MSVD technique showed only one narrow peak with
a long high frequency tail distribution (Figure 10B). The
molecular weight distributions (MWD) of samples 4 and
5 were evaluated on the basis of G(I') curves by using
CONTIN and MSVD methods together with eq 19. Parts
A and B of Figure 11 show the molecular weight distri-
bution of samples 4 and 5 by the CONTIN method. A
comparison of MWDs for sample 5 analyzed by both
CONTIN and MSVD is shown in Figure 12. The mo-
lecular weight and polydispersity index calculated from
MWD of samples 4 and 5 are summarized in Table V.

My C(DALTOND

Figure 11. Molecular weight distributions of PBA samples 4 and
5 based on the CONTIN method. (A) Molecular weight distri-
bution of PBA sample 4 (M,/M,, /M, 4.49/1.81/1). (B) Molecular
weight distribution of PBA sample 5 (M,/M,,/M, 6.13/2.58/1).

10 T ———rr

10%Fw M

o R SN
1083 10* 10°

M, (DALTOND

Figure 12. Comparison of the molecular weight distribution
analyzed by using the CONTIN method (03) and the MSVD
technique (A) for PBA sample 5.

The MWD analyzed by using the CONTIN method ex-
hibited higher M,/M, but lower M,/M, values when
compared with those obtained by the MSVD method. M,,
values analyzed by the CONTIN method are closer to the
results measured by the static method (for sample 5 within
1%; for sample 4 within 7.5%) than those analyzed by the
MSVD technique. Both M, and M, values of sample 5
with monopeak MWD obtained by the CONTIN method
are lower than those obtained by the MSVD technique.
The discrepancy suggests that the high-frequency tail of
G(T) based on the MSVD technique is perhaps underes-
timated. On the other hand, the low-frequency tail of G(T)
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based on the MSVD technique is overestimated. In the
molecular weight range 2.89 X 10*-~4.4 X 10%, the poly-
dispersity, M,/M,, is around 1.7-1.8 according to the
MWD based on the CONTIN method. Our CONTIN
results agree with the GPC analysis on similar PBA sam-
ples in DMAC with 4 wt % LiCl, as reported by Schaef-
gen.!* Both methods (light scattering and GPC) showed
MY{/M“ is around 1.7-1.8 for PBA samples of M, > 1 X
104

In summary, we found a larger persistence length, a
higher ap (thus higher a,) value, and a higher molecular
anisotropy value for PBA in DMAC with 3% (g/mL) LiCl
than those of PPTA in concentrated sulfuric acid. Thus,
the PBA chain is more rigid than the PPTA chain. The
experimentally measured C* values are close to C** (eq
18) values for all PBA samples studied. The measured
self-beating net autocorrelation functions have been ana-
lyzed by using the cumulants technique and the MSVD
and CONTIN methods. MWD results from different
methods of data analysis are compared. For unimodel
distributions both MSVD and CONTIN methods are re-
liable. For bimodal distributions, the CONTIN method
is more reliable.

With recent advances in photon correlation spectroscopy
and Laplace inversion methods, laser light scattering
characterization of polymer molecular weight distributions
is within reach as a routine technique for hard to char-
acterize speciality polymers.
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Dilute and Concentrated Solution Properties of Zigzag Polymers
Comprising Long Rodlike Segments with Freely Rotating Joints
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ABSTRACT: Nine fully aromatic, highly regular “zigzag” polyamides and poly(ester amides) were prepared,
each consisting of identical virtual bonds with freely rotating joints joining them along the chain: The length
Iy of the virtual bonds ranged from 10.6 A up to 44.7 A. In dilute solutions the behavior of the zigzag polymers
is dictated by their freely rotating joints, with their rodlike segments acting as long virtual bonds in freely
rotating random coils. The poly(ester amides) behave as highly draining coils, while the polyamides are
nondraining. The size of the zigzag polymer coils is clearly dependent on /,, Their Kuhn segment length
A approximates three virtual bonds. In concentrated solutions the solution behavior is dominated by M,,
and C and to a lesser extent by ;. The effect of the virtual bond length is especially noticeable when the
viscosity is normalized to remove the effects of differences in chain length. At very high concentrations the
zigzag polymers do not form lyotropic liquid crystals despite the fact that their rodlike segments are of sufficient
length to form anisotropic solutions. In the bulk, the zigzag polymers do not form thermotropic liquid crystals.
A chemically similar rodlike poly(ester amide) forms both lyotropic and thermotropic liquid crystals. The
density of the semicrystalline zigzag polyamides and, especially, the amorphous zigzag poly(ester amides) indicates
that the polymeric chains are packed just as well as in other polymers with much shorter l. -

Introduction

Solution properties of polymers are generally treated in
terms of three models: the flexible Gaussian coil, the rigid
rod, and the semiflexible molecule whose flexibility is due
to a gradual accumulation of the effécts of small thermal
vibrations of valence angles, bonds, etc.! Such semiflexible
chains are commonly treated by the persistent coil model
of Kratky and Porod? or by the helical wormlike chain
model of Yamakawa.>5 Another group of semiflexible

polymers is the one whose flexibility is a consequence of
relatively easy transitions between several rotational iso-
mers, Such polymers will be the focus of the present study.
The chains of each of the rotational isomeric semiflexible
polymers in this work are represented by a sequence of
identical rodlike segments, each characterized by a virtual
bond of length [ and a diameter d. The rodlike segments
are joined together by essentially freely rotating joints.
The polymers in this study can be visualized, hence, as
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