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ABSTRACT: Six fully aromatic zigzag polyamides were synthesized and characterized. The angles between
their rigid rodlike segments are all fixed at 119° and 120°. Three of the polyamides have joints between the
rodlike segments with free torsional rotation, and three have rather stiff joints. In solution and the amorphous
bulk they all adopt a random coil configuration. The behavior of all polymers in dilute solution is dictated
by their equilibrium rigidity, with no significant difference between those having freely rotating joints and
those having stiff joints. With increased concentration effects of kinetic rigidity become more prominent
because the slowness or rapidity of torsional motion interferes in varying degrees with the free movement
of interpenetrated coils and their segments. Two groups of radii of gyration were measured in dilute solution
for all polymers. The large Rg's are a measure of the coil dimensions, while the smaller Ry’s and the
hydrodynamic radius reflect the fact that in coils with long rodlike segments only a small fraction of the solvent
in the volume pervaded by the coil is actually interacted with the coil and hydrodynamically affected by its

presence.

Introduction

In this paper solution properties of six fully aromatic
polyamides will be described. Each of these polymers
comprises rodlike segments of identical length connected
to one another by joints having either high degree or low
degree of torsional mobility. When the chains of the six
polyamides are fully extended in a plane, they appear as
long zigzags and hence their name. The six polyamides
are divided into two groups. One includes three poly-
amides whose joints are essentially freely rotating. These
polymers were briefly described recently.! The second
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group contains three additional zigzag polyamides whose
joints are substantially stiffer, severely reducing the tor-
sional rotation freedom of their rodlike segments.

The behavior of the zigzag polyamides in dilute and
concentrated solutions appears to be controlled by two
important structural features. The first is the length I,
of the rodlike segments characteristic of each polymer. In
our case this length corresponds to the length of the av-
erage virtual bond of the polymer. The second feature is
the degree of freedom for torsional rotation around the
joints connecting these segments. These two structural
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features are conveniently described in terms of the Soviet
school of Tsvetkov and associates.’® Accordingly, the
equilibrium rigidity of polymeric chains depends on [, and
characterizes the average macromolecular conformation
at equilibrium in dilute solution. The length of the Kuhn
segment, A, the chain persistence length, ¢ = A/2, and the
chain’s radius of gyration, Rg, are all quantitative reflec-
tions of the equilibrium chain rigidity. The kinetic rigidity
characterizes the kinetics of conformational change of a
macromolecule in terms of the time required for the chain
to change from one conformation to another. High kinetic
rigidity means that the molecule retains its conformation
unchanged during a fairly long period of time.® In terms
of the rotational isomers model, the equilibrium rigidity
is reflected by the average chain dimensions, while the
kinetic rigidity is a reflection of the hinderance to change
from one isomeric state to another.

For a randomly coiled polymer with a fixed contour
length, L, the end-to-end distance, the radius of gyration,
and the volume pervaded by the coil are directly related
to the length [, of an actual or virtual bond along the chain.
This means that in dilute solution the average distance
between unjoined segments of the chain is linearly de-
pendent on their length. Therefore, the segmental length
affects the chain behavior in dilute solution in two ways.
The first is the well-established increase in coil volume as
a function of /,. The second way is the decrease in the
volume fraction of solvent molecules entrained by the coil
relative to the volume pervaded by it: once the distance
between one rodlike segment and others becomes much
larger than the average size of solvent molecules, a de-
creasing fraction of the solvent molecules in the pervaded
volume are affected by the macromolecular chain to such
an extent as to be attached to it and entrained by it.
Solvent molecules form a dynamic sheath around the
coiled chain, but most solvent molecules within the volume
encompassed by the chain are not affected by or recognize
its presence. At constant L the fraction of solvent mole-
cules from the pervaded volume interacting with the coil
decreases with increase in /,. In most coiled molecules the
effects of [, are noticed only inasmuch as they affect the
coil size simply because {, is usually smaller than or about
equal to the size of solvent molecules.

In our previous paper on zigzag polymers,' the poly{ester
amides) exhibited weak interactions with the solvent and
were described in terms of partly draining coils, while the
polyamides strongly interact with the solvent and were
described in terms of nondraining coils. In this paper the
nondraining model for zigzag polyamides is refined to take
account of both the effects of the length [, and the kinetic
rigidity of the chain.

The behavior of poly(m-phenylene isophthalamide)
{PPI) and poly(aryl ether ketone) (PEEK) in the bulk and
especially in solution is highly instructive because of the
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gross similarity of these polymers to our zigzag polyamides.
Both PPI and PEEK can be visualized as zigzag polymers
with rather short /. In the case of PEEK the ether oxygen
allows for a substantially free rotation while the ketone
group is somewhat more restrictive. In the case of PPI the
meta placement of bonds greatly increases the kinetic
rigidity of the chain. In both instances the chain adopts
the configuration of a random coil and is not extended in
space in the form of a planar zigzag. The Kuhn segment
length and the number of repeat units per Kuhn segment,
A/l,, for both PEEK and PPI reflect chains with equi-
librium rigidity far smaller than for rodlike molecules such
as poly(p-benzamide) (p-BA) or poly(p-phenylene tere-
phthalamide) (PPT) but significantly larger than for
common flexible chain polymers. Thus, for PEEK® 4 =
108 A and A/l, = 19.4. For PPI, A = 50 A2 or 45 A7 or
34 + 5 A depending on the solvent, and A/I, = 8.4% or
7.5.% These values are far smaller than A = 2100 A for
p-BA and A = 1300 A for PPT in concentrated H,SO, and
A/l values both in the hundreds.? Reflecting the strong
dependence of A on [, the values of A for PEEK and PPI
are substantially larger than the values for common flexible
polymers,” but the ratios A/l remain relatively small,
similar to those obtained from common flexible coils.

In the bulk both PEEK® and PPI! are highly crystalline,
with even the supposedly less flexible PPI showing around
50% crystallinity. The amorphous and crystalline densities
of PPI® and PEEK! are very similar to those of poly-
(ethylene terphthalate),'? indicating that possible rota-
tional restrictions imposed by the meta-substituted rings
in the PPI pose no significant hinderance to chain packing
in both the amorphous and crystalline phases.

In our case changes in the equilibrium rigidity were
effected by changing the length [, of the rodlike segments,
and changes in the kinetic rigidity were made by changing
the joints between them from the freely rotating ether
oxygen with low kinetic rigidity to the meta-substituted
aromatic ring, a stiff joint with high kinetic rigidity. The
solution properties of zigzag polyamides will be evaluated
first in terms of equilibrium rigidity and draining effects
and then in terms of the different kinetic rigidity of
polymers with freely rotating and stiff joints.

Experimental Section

(a) Synthesis. All polymerizations were carried out at about
100 °C in 5% wt/vol % solutions of LiCl in N,N-dimethylacet-
amide (DMAc/5% LiC)) in the presence of pyridine and triphenyl
phosphite.!*'* The monomer charge was about 10% based on
the combined volume of the solvent and liquid reagents. The
polymerizations were usually continued for 3 h, yielding essentially
quantitative yields.'* After precipitation in excess methanol, the
polymers were washed in water, water/methanol, and methanol
and finally dried to cosntant weight in a vacuum oven at >100
°C. By the correct choice of diamine and dicarboxyl monomers,
polymers with identical repeat units were obtained in each po-
lymerization run. Specifically, the polyamide 1a (see below) was
prepared from equimolar amounts of 4,4"-dicarboxydipheny! ether
and 4-aminophenyl ether, the polyamide 1b from 4,4’-di-
carboxydiphenyl ether and p-phenylenediamine, and l¢ from
4,4’-dicarboxydiphenyl ether and 4,4-diaminobenzanilide. Polymer
14C was made from isophthalic acid and 4,4’-diaminobenzanilide.
For preparation of polyamide 14D, the monomer p-dicarboxy-
phenylene isophthalamide was prepared by a Schotten—Baumann
procedure from isophthaloyl chloride and p-aminobenzoic acid
in 1:2 molar ratio. This monomer was purified and subsequently
reacted under Yamazaki conditions!®!* with 4,4’-diaminobenz-
anilide to produce the desired polymer. For polyamide 14B, the
monomer 4,4’-diaminobenzanilide isophthalamide was prepared
under Schotten—-Baumann conditions from isophthaloyl chloride
and a tenfold molar excess of 4,4’-diaminobenzanilide. After
purification, this monomer was reacted with terephthalic acid
under Yamazaki conditions to produce polyamide 14B.
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The monomer 4,4’-diaminobenzanilide was obtained from
Sandoz Corp. and recrystallized from 10:1 methanol/acetone at
least twice prior to use. 4,4’-dicarboxydiphenyl ether was acquired
from Chem Service Co., and used as is. All other monomers,
reagents, and solvents were obtained from chemical supply houses
and used as received.

(b) Characterization. The structures of all polymers and
monomeric intermediates prepared in this study were confirmed
by carbon-13 NMR spectra obtained with a Varian XL-200 Fourier
transform NMR spectrometer from solutions in deuteriated
DMAc. Crystallinity indices of all polyamides were estimated
from wide angle X-ray diffraction (WAXD) patterns obtained
from the powdered polymers in a Philips diffractometer operating
in parafocus mode with monochromatized copper Ka radiation.
Infrared scans were obtained from the pulverized polymers in KBr
pellets with a Perkin-Elmer Model 283B infrared spectrometer.
The densities of the zigzag polyamides were measured by pyc-
nometry as described in ref 1.

All viscosities were measured at 25 °C in DMAc/5% LiCl
solutions. Intrinsic viscosities were measured in internal dilution
glass viscometers with solvent flow time of not less than 100 s.
The solution flow rate in the glass viscometers was sufficiently
slow for the measured viscosities to approach 5, the zero shear
viscosity. The solvent viscosity, 7, of DMAc/5% LiCl at 25 °C
was measured with calibrated glass viscometers and with a Na-
metre direct readout viscometer and was found to be 2.39 + 0.05
cP (centipoises). High concentration viscosities were measured
in large bore glass viscometers and with the Nametre direct
readout viscometer. The viscosities (in centipoise) obtained by
both procedures were very close to one another. The solution flow
time in the large bore glass vicometers was in the range of 500
to over 1000 s.

For all light scattering work, at least four different concen-
trations of each polyamide in DMAc¢/5% LiCl were prepared and
filtered with Millex filter units (0.2 um pore diameter) from
Millipore. Weight average molecular weight, M,,, was measured
by low-angle laser light scattering using a Chromatix KMX-6
instrument, on solutions spanning the range of 1.0-0.2% con-
centration. In this case no aggregation effects were noticed. The
error margin for the M, determinations was £3% or less. It should
be borne in mind that this error estimate carries over to all
molecular dimensions obtained from M.

Depolarization ratios, p, were measured in a Langley-Ford
multiangle photon correlation instrument Model LSA TI, equipped
with a polarizer at each of the seven angles of measurement. Each
angle, 8, ranging from about 10° to 152°, was calibrated for ab-
solute Rayleigh ratio measurements by measuring the light
scattering intensity of pure toluene, a solvent with a known
Rayleigh ratio. The depolarization ratio is the ratio of the hor-
izontally polarized to vertically polarized intensities (after sub-
tracting the corresponding values for the solvent), which were
measured at each of the seven scattering angles. For these
measurements, four concentrations of each polyamide in
DMAc/5% LiCl in the interval of 1.0-0.4% were measured, but
the resulting depolarization ratios appeared to be insensitive to
changes in concentration.

Now, it has been shown by Benoit and Doty that for a
wormlike chain of contour length, L, the radius of gyration, Rg,
can be obtained from the relationship

Row = qlx/8 -1+ 2/x + 2(1 - &) /x?]\/? (1a)

where x = L/q. The optical anisotropy A? for such a chain was
calculated'® to be

A% = 522 /x" ~ 2(1 - €¥) /x"?)] @

where x’ = 3L/q and §;° is the optical anisotropy for the structural
segment. The values of 5,2 are usually obtained by extrapolation
of the values of A? determined for chains of decreasing length to
their values at N = 1:

82 = A? N=1) 3

In our case NV is the weight average number of rodlike segments
in the chain. The optical anisotropy A? is calculated from the
measured depolarization ratio, p. The relationship between A?

and p depends on the nature of the incident light. In the case

of unpolarized incident light, the depolarization ratio p, at a
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scattering angle, § = 0°, relates to A? as'8!7
A% = 5p, /(6 - Tpy) (4)
but in the case of vertically polarized incident light'8 at § = 0°
A% = 5p, /(3 - 4p,) (5)

In our case, vertically polarized incident light was used. Data
were collected at seven scattering angles and corrected to zero
angle by the use of the equation

0y = pa(1 + cos? 8) /[2 — ps(1 — cos? §)] (6)

Persistence lengths and radii of gyration are obtainable, hence,
from measurements of depolarization ratios of scattered light,
provided L is known. As we had at our disposal a series of
monodisperse oligomers of rodlike aromatic polyamides'® essen-
tially identical in composition to the present rodlike chain seg-
ments, we measured their optical anisotropies, A%, in DMAc/5%
LiCl and used these values to accurately determine the values
of 8y> and magnitudes of the radii of gyration obtained from
depolarization measurements, Rggep, for the polymers in this study.
It was previously found that in the case of rodlike polyamides
with relatively low polydispersity, the measured values of p, and
the resulting ¢ appear to be independent from such polydisper-
sity.!® Because of the similar polymerization procedures, this
independence most likely carries over to systems such as the
present.

Hydrodynamic radii, Ry, were determined from diffusion
coefficients, D, measured by photon correlation spectroscopy
(PCS) in the LSA II multiangle photon correlation instrument.
Solutions in DMAc/5% LiCl of at least four different concen-
trations within the range of 1.0-0.4% were prepared from each
polyamide and both centrifuged and filtered as specified above.
Ideally, analysis should be performed on “perfect” data, i.e., no
dust or aggregates in the solution. Unfortunately, despite repeated
filtering and centrifugation (the most successful combination),
no such perfection was obtained, presumably due to reformation
of aggregates. Thus, we were reduced to making the best of a
bad situation. First, we took at least ten data sets at each con-
centration and angle and rejected most of them on the basis of
a simple linearized cumulant fit (abnormally high base lines, large
particle sizes, etc.); basically, the sets that gave the smallest
polymer size and the lowest base line were retained. At times,
all the sets were rejected and the measurement was repeated on
new solutions. When reasonably “clean” correlation functions
were obtained, with consistent sizes and base lines, the data
analysis was continued by using two different methods. First,
a more elaborate nonlinear cumulant fit was used, emphasizing
the beginning of the correlation function. The second algorithm
was DISCRETE, a nonlinear multiexponential fitting routine,
where the fastest exponential obtained was taken to correspond
with the nonaggregated polymer. Both methods yielded similar
results. However, DISCRETE was found to yield more consistent
results, i.e., data on the same polymer at different angles and/or
levels of cleanliness were more likely to give the same diffusion
coefficient D, Again, failure to give such consistency resulted in
the rejection of the data and the repeat of the measurements on
fresh solutions. The measured diffusion coefficients were ex-
trapolated to zero concentration before the value of Ry was
calculated from

Ry = kT /67D ¥))

where k is the Boltzmann constant, T is the absolute temperature,
7, is the solvent viscosity, 0.0239 P in our case, and D is the
diffusion coefficient in em?/s.

Light scattering dissymmetry results were in qualitative
agreement with the results obtained from depolarization ratios.
However, the wide scatter in the dissymmetry measurements
prevented a reasonable quantitative agreement, compelling us
to abandon the dissymetry results.

Results

The identical rodlike segments of each aromatic zigzag
polyamide, together with their joints at both ends, are
shown in Chart I. In polymers la, 1lb, and le, the joints
consist of a single oxygen atom, allowing for essentially free



188 Aharoni
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torsional rotation®® of the rodlike segments. The long
rodlike segments of the other three polyamides, namely,
14C, 14D, and 14B, are connected to one another by an
isophthaloyl residue, maintaining an angle of § = 120°
between adjoining segments and restraining their torsional
rotation. The length [, of the rodlike segments (i.e., virtual
bonds), the angle § between the freely rotating ones, and
the projected bond length {, sin (6/2) were calculated from
data of Tonelli?®?! and Flory and associates.?>?® By def-
inition, the chain contour length L is NI, and the chain
end-to-end distance, L, is NI, sin (8/2).

Estimates of the radius of gyration, Rg, are available
from several theoretical models. For the classical Gaussian
freely jointed chains®

Rgg = L(N/6)1/? (8)

and for the freely rotating chain of large N and a single
fixed angle, 6, the radius of gyration is

Roe = [(N/6)1,2(1 — cos 6) /(1 + cos 6)]/%  (9a)
Rgg = Rg,y[(1 - cos ) /(1 + cos 6)}/2 (9b)

In our case the fixed angles between the virtual bonds are

119° for the ether joints?®?! and 120° for the isophthal-

amide group, placing the values of Rgy in the narrow range
of 1. 70RGg < RGfr <1 73RG

According to Benoit and Doty15 and Yamakawa,?® the

radius of gyration of the wormlike chain, R, is obtained
from

= [(Lq/3) - ¢* + (2¢°/L) - (2¢*/LH(1 ~ e7L/9)]}/2

(1b)

where q is the chain’s persistence length, equalling half its

Kuhn segment length, A. For chains with L /g > 1, the
general relationship?

6Rc/L = 2q[1 - (L/q)"] (10)
holds, and from this one obtains the approximation
A =2q =~ 6Rs%*/L (11)

Experimental estimates of the radius of gyration are
obtained from measurements of [7], the intrinsic viscosity

Reyise = ([nIM/8%%6.)/° 12)

where M is the molecular weight and ¢.. = 2.68 X 10% when
the viscosity is measured in units of dL/g.*” Tanford?®
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Table I
Calculated Radii of Gyration Based on Freely Jointed and
Freely Rotating Models®

polymer code M, N N L, R Rgs
Freely Rotating Joints
la 24000 1064 114 1050 46.4 8.7
1b 18000 17.14 55 810  51.9 89.9
le 22000 23.64 49 1000 676 117.1
Stiff Joints
14C 26000  20.89 72.8 1315 728 126.0
14D 14000  33.89 23.5 690 67.1 116.2
14B 19000  40.39 26.6 930 85.0 1473

¢ All length dimensions in A units.

showed that the radius of gyration for freely draining coils,
R4, can be closely approximated from measured values
of M, [n], and the radius of the hydrodynamically equiv-
alent sphere Ry

Rga = (M[5]/wN,Ry)'/? (13)

where N, is Avogadro’s number. The radius of gyration
for nondraining coils, Rg,4, can be approximated from Rggy
by the use of the relationship?

Rgng = R /(3.3)1/2 (14)

The four experimental radii above, namely, Ry, Rguise:
RGfd, and Rg,q, reflect the hydrodynamlc and thermody-
namic interactions between the polymer chain and solvent
molecules in which it is immersed. That is, these radii
reflect the amount of solvent molecules entrained by the
polymeric coil and attracted to it to such an extent that
their motional freedom is substantially affected by the
movement of the polymer chain in the solvent. Other
methods are not sensitive to the hydrodynamic interactions
of polymer coils and, hence, may produce characteristic
sizes different from the radii above. One such method
measures the ratios of the intensities of scattered depo-
larized light, as described above.

Dilute Solutions. In Table I are presented the Rg
values calculated for the zigzag polyamides from their
measured M, and known [, N, and L,. Two models were
used: the classical Gaussian with freely jointed coils and
the modified coils where the chains are freely rotating. It
should be borne in mind, however, that the stiff joint zigzag
polyamides are supposed to possess even larger Rg by
virtue of having joints with significantly reduced freedom
of torsional rotation. In Table II radii derived from dif-
fusion and viscosity measurements are presented. As is
expected from theory,? the measured Ry is consistently
smaller than Rg.,.. Naturally, Rge is larger than Rg,.
The point to note in Table II is that Rg,q and R, for
each of the six polyamides are extremely close. The ex-
cellent agreement between thse two radii reflects, we be-
lieve, a high level of precission in the determinations of
Mw’ [n], and Ry.

Radii of gyration obtained by diffusion-independent
light scattering technique, that is, R4ep, are presented with
the relevant parameters in Table III. Among these, the
persistence lengths, g, are especially noteworthy. Most
importantly, the Rgg,, values in Table IIT are much larger
than the corresponding Rg;. and Rg,q in Table II.

We conclude, therefore, that for each of the six zigzag
polyamides, two kinds of Rg were measured. One is a
congsistently small R, namely, Rgyi. OF Egng, Which is only
somewhat larger than Ry and is of the same order of
magnitude as Rg,. These measured radii all reflect hy-
drodynamic and thermodynamic interactions between the
polymeric coils and solvent molecules in dilute solution.
The second kind of Rg’s, such as Rggep, do not reflect
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Table 11
Radii of Gyration from Diffusion-Related Measurements®
polymer code  [7] M, l m, N L, Ry RGvise Rana R 10D, cm?/s
Freely Rotating Joints
la 0.98 24 000 10.64 211 114 1050 59 84.2 79.9 145.2 1.55
1b 0.76 18000 17.14 330 55 810 45 70.3 69.8 126.8 2.03
e 0.90 22000 23.64 449 49 1000 52 79.5 78.1 141.9 1.76
Stiff Joints
14C 0.80 26 000 20.89 357 72.8 1315 54 80.8 78.6 142.8 1.69
14D 0.49 14000 33.89 595 23.5 690 43 55.9 48.4 87.9 2.125
14B 0.51 19000 40.39 714 26.6 930 47 62.7 60.1 109.2 1.94
¢ Intrinsic viscosities in dL/g. All dimensions in A units.
Table III
Radii of Gyration Determined by Depolarized Light Scattering®
depolarization ratio
polymer code M, 1 N L, 8,2 A? q RGaep
Freely Rotating Joints
la 24000 10.64 114 1050 0.69 0.0396 93.1 159.1
1b 18000 17.14 55 810 0.69 0.040 72.6 123.2
lc 22000 23.64 49 1000 0.69 0.040 89.6 152,2
Stiff Joints
14C 26 000 20.89 72.8 1315 0.69 0.031 90.7 180.5
14D 14000 33.89 23.5 690 0.69 0.0667 105.4 126.5
14B 19000 40.39 26.6 930 0.69 0.095 207.5 190.4

3 All lengths in A units. All measurements at 25 °C in DMAc/5% LiCl. 5,2 extrapolated from A? of polymers, oligomers,' and benzanilide
(A% = 0.63).

Table IV
Ry/M,V? and Rg/M /% for Zigzag Polyamides®
DOlymel‘ code Mw lo RH/MWI/2 RGvisc/luwl/2 RGm‘l/IMvvl/2 RGfd/Alwl/2 R(}g/‘hlwl/2 R('}fl‘/Iuwl/2 RGdep/Mwl/2
Freely Rotating Joints
la 24000 10.64 0.381 0.544 0.516 0.937 0.300 0.508 1.027
1b 18000 17.14 0.335 0.524 0.520 0.945 0.387 0.670 0.918
le 22000 23.64 0.351 0.536 0.527 0.957 0.456 0.789 1.026
Stiff Joints
14C 26 000 20.89 0.335 0.501 0.487 0.886 0.451 0.781 1.119
14D 14000 33.89 0.363 0.472 0.409 0.743 0.567 0.982 1.069
14B 19000 40.39 0.341 0.455 0.436 0.792 0.617 1.069 1.381

s Distances in A units.

interactions with the solvent but the inherent size of the
polymeric coil itself and are much larger than the smaller
R(;’S.

A qualitative measure of the polymeric coil’s expansion
can be gathered from the ratios of R to M,,'/2 These are
tabulated together with Ry/M,'/? in Table IV. Several
experimental results and one theoretical are plotted in
Figure 1 against the length [, of the rodlike segments. As
expected, a strong dependence of Rgq.,/M,!/% on I, is
clearly evident. Tt is obvious that Ry and Rgy are com-
pletely independent from /.

In our intrinsic viscosity measurements it was observed
that plots of (n, - n,)/n,c against ¢, over the concentration 0 . ‘ = n %
range of 0.125 < ¢ < 0.500%, show a very small slope. We t A

therefore believe that our values of R, are close ap- Figure 1. Ry/M,"/? and Rq/M,/? as function of the length L;

Ro/My, Ve

and

B /My e

Viscosity -

hd Hydrodynamic

proximations of their values at the unperturbed state. This
is corroborated by the small values of the second virial
coefficients, all in the range of 19 X 10™* < A, < 49 X 107
mol-mL/g? obtained for our modest molecular weight
polyamides in light scattering experiments. By extension,
the other Rg’s reported above are also assumed to ap-
proximate unperturbed sizes. A comparison is, thus, valid
of our Rgyiee/ My,'/%, in Table IV, with literature values of
Rgviso/ M,\/? presented in Polymer Handbook® in terms
of unperturbed chain end-to-end distance and with the
values for rigid extended chains.!”3® Literature values of
Rivise/ M!/? of several polymers representing varying de-

O, freely rotating joints; O,®, stiff joints; full symbols, experi-
mental; empty symbols, theoretical.

grees of coil expansion are presented in Table V together
with the corresponding sizes of I, taken from previous
tabulation by this author.3’ The comparison clearly shows
that the zigzag polyamide coils are substantially more
expanded than the coils of common flexible polymers and
of derivatized cellulose. In should be noted that Rg.i../
M2 of the freely rotating zigzag polymers are consistently
larger than the Rgyiec/ M, '/? of the stiff joints polyamides,
reflecting a lower solvent retention ability of the latter.
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Table V
Literature Values of R g,/ M !/ for Typical Polymers
RGvisc/Mwl/Qv
polymer lo» A
poly(dimethylsiloxane) 1.46 0.270
poly(methyl methacrylate) 1.54 0.245 £+ 0.01
poly(vinyl acetate) 1.54 0.295 + 0.025
polystyrene 1.54 0.275
poly(ethylene terephthalate) 2.14 0.370
poly(2,6-dimethyl-1,4-phenylene oxide) 5.41 0.345
cellulose triacetate 7.75 0.300 = 0.002
(hydroxyethyl)cellulose 7.75 0.408
poly(p-benzamide) in DMAc/LiCl 12.0  1.126 + 0.124
poly(p-phenylene terephthalamide) in 12.0  1.755 £ 0.043
H,S0,
poly(p-benzamide) in H,SO, 12.0 2.033
Table VI
Radii Ratios of Zigzag Polyamides®
polymer

code  Ry/Rovee Ru/Ronda Bu/Rotd  Ru/Ror  Ru/Roaep
Freely Rotating Joints

la 0.700 0.739 0.406 0.750 0.371

1b 0.640 0.645 0.355 0.501 0.365

ic 0.654 0.666 0.366 0.444 0.342
Stiff Joints

14C 0.668 0.687 0.378 0.429 0.299

14D 0.769 0.888 0.489 0.370 0.340

14B 0.750 0.782 0.430 0.319 0.247

¢Radii ratios are identical with (Ry/M,Y*/(Rg/M,}? ratios.

Another measure of coil expansion are the Ry/Rgp
ratios. These, and other Ry/R values, are tabulated in
Table VI. The largest Ry/Rgy, ratio is 0.750 for polymer
la while all other polymers are characterized by Ry/Rgg
ratios substantially smaller than 0.54. This last value was
calculated3?3 to be the smallest possible for the fully
swollen, freely jointed Gaussian chain model. The small
Ry/Rgy ratios indicate that the zigzag polyamides, with
the possible but improbable exception of 1a, are not con-
ventional Gaussian coils but are more expanded coils. The
very small values of Ry/Rg;, for the stiff joints zigzag
polymers indicate these to be more expanded than their
freely rotatingt analogs. The decrease in Ry/Rgs with
increase in [, within each family reflects the increase in
coil expansion with increase in [,, as expected. Similar
indications of coil openness can be obtained from the ratios
Rguise/ Rt O Rivise/ Riaep Where the smaller the ratio the
more expanded the coil is. A plot of R/ Koy against [,
in Figure 2, clearly shows that the polymeric coils become
more open as [, increases. For Rg’s reflecting solvent en-
trainment, the ratios Ry/R g and Ry/Rgpq all fall in the
interval of 0.640-0.888, spanning the ratios expected for
normal flexible polymer coils.?®

The above results indicate that the zigzag polyamides
can be envisioned as rather expanded coils, with polymers
having large [, being more expanded than members of the
same family with smaller [, and with the stiffly jointed ones
being somewhat more open than the freely rotating poly-
mers. The small Ry, Rgyie, and Rgng, as compared with
the much larger R4, and Ry, reflect, we believe, the
volume of solvent entrained by the chain and idealized as
a sphere of rather small radius. Using Ry as an example,
we calculate from the corresponding volume Vy of the
equivalent hydrodynamic sphere and the contour length
NI, of the polymer chain, the cross sectional area of the
cylindrical solvent envelop associated with each chain, as
well as the diameter, d, of each such envelop. The results
are given in Table VII. Recalling that the diameter of a
naked polyamide chain is around 6 A, we find that the
thickness of the solvent layer around it is between about

Macromolecules, Vol. 21, No. 1, 1988

2.0 T T T T
1.0 - -
5L ]
; i
3 E
s
& r
0.5 =
F 4
0.2 1 1 i )
0 10 20 30 40 50
Py A

Figure 2. Rg.i./Rgs as function of [: @, freely rotating joints;
B, stiff joints.
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Figure 3. Schematic representation of a zigzag polyamide chain
with N = 83,1, = 20 A, Ry = 60 A, and Rgs, = 130 A. Dotted line
represents the approximate boundary of the entrained solvent
layer.

Table VII
Diameters of Solvated Zigzag Polyamide Chains from
Hydrodynamic Radius

polymer code Ry, A  Vy, A* NI, A

Va/Ni, A2 d, A

la 59 859853  1213.0 708.9 30.0
1b 45 381510 942.7 404.7 22.8
le 52 588679  1158.4 508.2 25.4
14C 54 659249  1520.8 433.5 23.4
14D 43 332869 796.4 418.0 23.1
14B 47 434672 1074.4 404.6 22.7

8.5 and 12 A; that is, two to three solvent molecules deep.
A schematic representation of the system with a hypo-
thetical chain of N = 83 and [, = 20 A is shown in Figure
3. The sizes of Ry and Rgq, are shown together with the
representative chain for clarity.

Concentrated Solution. A critical concentration, C*,
at which coil overlap first occurs uniformly throughout a
polymer solution may be obtained from

C* = MW/RGviscgNa (153)
or?’

C* = 0.64/[n] (15b)
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Table VIII
Solution Viscosities of Zigzag Polyamides®

freely rotating joints, 5, in cP

stiff joints, 5, in cP

polymer polymer
concn, % la 1b le concn, % 14C 14D 14B
25.0 20000 25.0 34000 53000
15.0 1745.0 1390.0 1945.0 15.0 1336.0 2910.0 3500
13.0 1100.0 740.0 1120.0 13.75 1700.0
11.0 600.0 385.0 520.0 12.0 609.0 910.0 986.0
10.0 431.8 238.1 312.6 11.0 632.0 710.0
8.33 210.7 122.8 157.3 10.0 294.0 370.0 400.0
6.94 118.2 73.2 89.8 7.5 120.0 118.2 130.0
5.95 77.9 50.0 59.2 5.0 52.7 48.2 50.5
5.21 55.3 36.7 42.9 2.0 12.0 10.4 11.1
4.17 33.9 23.6 26.8 1.0 7.73 6.91 7.27
3.2 21.3 15.3 17.0 0.5 3.47 3.06 3.01
2.6 15.4 114 12.4 0.33 3.08 2.82 2.80
1.98 10.9 8.3 9.0 0.25 2.90 2.71 2.71
1.02 5.1 4.8 5.8 0.125 2.65 2.55 2.55
0.51 3.86 3.49 3.52
0.34 3.36 3.14 3.11
0.26 3.12 2.95 2.92
0.128 2.76 2.68 2.64
C* 0.668 0.861 0.727 C* 0.819 1.331 1.280

¢ All measurements in DMAc/5% LiCl at 25.0 °C. Solvent viscosity is 2.39 cP. Values of C* are in wt/v %.

10°

10°

Zero Shear Viscosity, 1, In Centipoises

10° L . . L
107 10° 10" 102
Concentration, Wt/Vol %

Figure 4. Viscosity of freely rotating zigzag polyamides in
DMAc¢/5% LiCl at 25 °C.

obtainable from eq 15a by the use of eq 12 above. It should
be noted that the exact size of the numerator in eq 15a
depends on Flory’s universal parameter ¢., and will change
slightly with changes in ¢.. Using the data in Table II,
the values of C* for the six zigzag polyamides were cal-
culated according to eq 15a. They are listed in Table VIII
together with the viscosities of the polymers in solutions
up to 25 wt/v % concentration for polymers le, 14D, and
14B and 15 wt/v % for the others. For clarity, the vis-
cosities are plotted against concentration in log-log scale
in Figures 4 and 5. A break at C* is observed in neither
curve, but a smooth increase in the slope of all curves does
become evident around C*. This concentration region is
substantially lower than the critical concentration for en-

10°

- -
o (=]
(] ’S

Zero Shear Viscosity, 1 o’ In Centipoises
=
o

100 I 1 1 - 1
107 10° 10’ 10
Concentration, Wt/Vol %

Figure 5. Viscosity of stiff joints zigzag polyamides in DMAc/5%
LiCl at 25 °C.

tanglement, C,, usually defined as the point of intersection
of the straight lines tangential to the low and high con-
centration branches of the viscosity curve. In our case C,
appears at concentrations of ~2.5 to ~3.5%, resulting in
M, = (M,C,) of around 500. This is a very low value for
M., corresponding to the molecular weight of only one or
two rodlike segments. It reflects substantially open coils
and deep molecular interpenetration already at these
modest concentrations. As is obvious from Figures 4 and
5, at higher concentrations increasing levels of interpene-
tration and intermolecular entanglements continuously
increase the slope of the viscosity vs concentration curves.
When plotted on log-log scale, the 7, vs ¢ curves are linear
at concentrations over 10%. As is evident from Figures
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Table IX
Concentration Dependence of 7, at ¢ > 10%°

points considered correlatn

polymer code My A atl0<c<15% param,r K;ineq 16 aineq 16 7, at 15% conecn 100 n,/M,,
Freely Rotating Joints
la 24000 10.64 4 0.9997 1.266 x 108 3.47 1745 7.27
1b 18000 17.14 4 0.9992 4.644 X 108 4.28 1390 7.72
lc 22000 23.64 5 0.9985 9.952 x 108 4.48 1945 8.84
Stiff Joints
14C 26 000 20.89 4 0.9994 1.607 x 108 3.73 1336 5.14
14D 14000 33.89 7 0.9979 3.059 x 107 491 2910 20.79
14B 19000 40.39 6 0.9980 8.562 X 107 5.33 3500 18.42
% Viscosities in cP.
10.0 T T T T T T Table X
8.0 1 Crystallinity Indices and Densities of Zigzag Polyamides
2o polymer code % crystallinity D, g/cm?®
' o8t Freely Rotating Joints
6.0 b la 48 1.357
03 1b 50 1.359
50r ] le 44 1.371
40+ B 4 Stiff Joints
! 14C 38 1.338
s 14D 25 1.310
30+ . 14B 25 1.317
u Stiff Joints | measured at 15% and higher, the dependence of the vis-
zor - cosity on !, dominates and no obvious dependence on M,,
* Freely Rotating Joints is noticed. The ratios 5,/M,, at 15% clearly increase with
I, and their very large values for the large [, stiff joints
polyamides reflect, we believe, the large expansion of their
| polymeric coils.
Lol . ! ! o Solutions in concentrations up to 40 wt/wt % in
10 20 30 40 50 60 70 80 90 100 DMAc/5% LiCl were prepared from all polyamides in this

(o A
Figure 6. High concentration power dependency of the viscosity

vs concentration on length [, of rodlike segments of freely rotating
(®) and stiff (m) joints zigzag polyamides.

4 and 5, but far clearer from a statistical analysis of all the
data points in this concentration regime, the slopes of the
curves for the stiff joints polyamides are higher than those
for the freely rotating polymers, and the larger is [, within
each family the steeper is the slope. The numerical data
are listed in Table IX. The slopes which are the exponents
a in the equation

770 = cha (16)

are plotted in Figure 6 in double logarithmic scale against
the rodlike segment length [,. The data fall on two straight
lines described by the equality

a =Kyl (17
where for the freely rotating joints zigzag polyamides
a = 1.618[,0-5% r = 0.9705

and for the stiff joints zigzag polyamides
a = 0.709] 054 r = 0.9993

Above ¢ = 10% the polymers are deeply in the concen-
trated solution regime. The results in Tables VIII and IX
and Figures 4-6 clearly indicate that in this regime the
polymer solution viscosity depends on both the flexibility
of the joints between rodlike segments and their length [
Furthermore, when measured at 10% concentration, the
viscosity shows a dependence on M, and [,, but when

study. All solutions were isotropic in the quiescent state,
and no stir opalescence could be induced in them. The
solutions were all slow flowing and fully transparent and
maintained their appearance and behavior for at least 1
year at ambient temperature. This indicates the solutions
not to be transparent gels and that no optical scale phase
separation existed in them or formed with time. De-
pending on the particular polyamide, at higher than
35-40% concentration, swollen polymeric gel particles
appeared in amounts and size that increased with con-
centration. The above behavior of the zigzag polyamides
is unlike that of rodlike polyamides, such as poly(p-
benzamide) and poly(p-phenylene terephthalamide), which
exhibit lyotropic liquid crystallinity in the same solvent
system at concentrations of 7% or less as is well-docu-
mented in the literature,!43436

The viscosities of the zigzag polyamides in the concen-
trated solution regime are far higher than those of flexible
polymers of comparable molecular weights and concen-
trations. For example, an 11 wt/vol % solution of poly-
(e-caprolactam) of M,, = 42500 in formic acid, in which
viscosity-enhancing hydrogen-bond interactions are
abundant, has a viscosity very close to 70 ¢P.*” This vis-
cosity is 1-2 orders of magnitude smaller than the vis-
cosities at 10% concentration of the zigzag polyamides of
much lower molecular weight.

Bulk. The results of bulk density measurements are
tabulated in Table X together with the crystallinity indices
estimated from WAXD patterns. The densities fall in the
range generally observed for aromatic polyamides,’* and
the slight drop in density of the stiff joints zigzag poly-
amides reflects their lower crystallinity as compared with
the freely rotating polyamides. The reduced crystallinity
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of the stiff joints polyamides reflects, we believe, the
possibility that it is harder for these molecules than for
the freely rotating ones to pack in register and develop
crystallinity.

Discussion

When considered together, the dilute solution properties
of the six zigzag polyamides indicate them to be substan-
tially coiled and definitely not extended in space in the
shape of a planar zigzag in which all bonds are in their
trans conformation. Most instructive are the absolute
values of the intrinsic viscosity that are about 1 order of
magnitude smaller than the values for rodlike aromatic
polyamides of similar chemical structure and comparable
molecular weights.!”34 The very slow increase of the
reduced viscosity [(n, — 1,)/n,c] with concentration ¢ in the
dilute solution regime is, again, an indication that our
polyamides do not behave as elongated stiff particles but
more so as coils. These may be generally spherical or in
the shape of ellipsoids of revolution where the large sem-
iaxis is not very large relative to the minor semiaxis. At
the same time, the values of Rgq; and Rggep as well as
Rgyise/ M,}/? all indicate that the zigzag polyamide coils are
substantially more expanded in space than coils of con-
ventional flexible polymers. The apove data indicate that
this expansion is due to the length of the rodlike segments
in the zigzag polyamides, each behaving as a single sta-
tistical bond of length /,. Because of the similar angles
between rigid segments all the zigzag polyamides are
characterized by an R, very close to 1.7Rg,. A comparison
of the data in Tables I and III reveals that Rgg,, is
somewhat larger than the calculated Rg. This indicates
that in dilute solution the zigzag polyamides adopt a spatial
configuration dictated by their equilibrium rigidity and
that the kinetic rigidity is not noticeable. The lack of
sensitivity to kinetic effects is clearly visible in Figures 4
and 5, where the viscosity of all polymers in the dilute
solution regime shows a remarkably similar dependence
on concentration and independence from the length /, of
the rodlike segments and the stiffness of the joints between
them.

The dramatic difference between the rather large Rqgep,
obtained by a light scattering technique insensitive to
hydrodynamic interactions with solvent molecules, and the
far smaller Ry’s sensitive to such interactions, such as
Rgviser Botay Rona, and, especially, the hydrodynamic radius
Ry, clearly indicates that the measured radii do not arise
from the same cause. Indeed, we believe that Rgq,, de-
scribes the polymeric coil alone, with solvent effects being
small and secondary at most. On the other hand, Ry, R,
etc. are measures of idealized equivalent spheres, each
containing both the volume of the naked polymeric chain
and the entrained solvent molecules. Combining both
kinds of measurements we arrive at the schematic repre-
sentation in Figure 3, according to which the chains with
large [, exist in solution as substatially expanded coils. The
polymer chains are encased in a dynamic sheath of solvent
molecules the thickness of which is about two to three
solvent molecules thick. As the polymer coil moves in
solution, the solvent molecules comprising the sheath move
with it such that the combined volume of the polymeric
chain and the solvent sheath equals the volme of the
equivalent hydrodynamic sphere. Following Tanford? it
is easily shown that the other diffusion-related radii (R,
R, and Rgqy) are all related to Ry and, hence, explained
by the above model.

As we move into the concentrated solution regime, an
increasing dependence of the viscosity on both joint
stiffness and segmental length become clearly evident, as
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can be gathered from Tables VIII and IX and Figures 4-6.
The results in Figure 6 are especially interesting as they
clearly show the difference in the increase of the viscosity
with [, between the freely rotating and the stiff jointed
groups. The higher power dependence shown in Figure
6 and the consistently higher viscosities of the stiffer
polymers of comparable [’s as compared with the freely
rotating ones at the same concentration reflect the effects
of kinetic rigidity superimposed on those associated with
the equilibrium rigidity.

At the high concentration regime, the increases in the
viscosity with [, reflect the fact that as !, becomes longer,
the rodlike segments each sweeps larger volume upon in-
terconverting from one rotational isomeric position to
another. With the increased volume swept a commensu-
rate increase in the interference to the mobility and ro-
tation of other segments, and chains, ensues. The higher
power dependence of the viscosity increase exhibited by
the stiffly jointed polyamides reflects the fact that in their
case the change from one rotational isomeric state to an-
other is substantially slower, resulting in higher interfer-
ence to the motion of other segments and coils than in the
case of the freely rotating zigzag polyamides. In the dilute
solution where each polymeric coil is separated from oth-
ers, the rate of conversion from one isomeric state to an-
other does not affect other coils and hence the independ-
ence of their solution behavior from kinetic rigidity.

The reduced crystallinity of the stiff jointed polyamides,
in Table X, also reflects, we believe, kinetic rigidity effects,
slowing the torsional rotation of segments in space and
reducing their ability to pack well in register and crys-
tallize. This observation is especially valid in light of the
fact that it holds for polyamides of comparable [, and
because all the zigzag polyamides have about the same
frequency of amide groups along their backbone. Infrared
scans showed that in all polyamides essentially all the
amide groups are hydrogen bonded, independently of the
level of crystallinity.

The inability of the zigzag polyamides to form liquid
crystalline solutions reflects a low capability for parallel
packing of the rodlike segments in volumes sufficiently
large to produce liquid crystalline domains. This poor
packing ability is more acute in the case of the stiff joints
polymers as is apparent from the lower crystallinity indices
of the bulk polyamides. The poor packing ability and the
absence of lyotropic mesomorphicity stand in dramatic
contradistinction to the rodlike aromatic polyamides re-
ported in the literature, 4343538
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Prediction of Polymer Crystal Structures and Properties. A
Method Utilizing Simultaneous Inter- and Intramolecular Energy

Minimization
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Engineering, University of Utah, Salt Lake City, Utah 84112. Received May 18, 1987

ABSTRACT: A method is described for using molecular mechanics to calculate in a unified manner, from
transferable conformational energy functions, the packing parameters and energy, vibrational dispersion curves,
heat capacity and thermodynamic functions, elastic constants, and refractive indices of polymer crystals. The
inter- and intramolecular conformational energies are simultaneously minimized. This allows assessment
of the effect of packing forces on the polymer helix parameters and the intramolecular geometry. In addition,
the converged Newton-Raphson coefficient matrix used in minimization allows convenient vibrational analysis

and calculation of the elastic constants of the crystal.

Molecular mechanics calculations have proven very
useful in accounting for the conformational energetics and
properties of polymer molecules. The method is based on
the premise that a molecule can be simulated by empirical
transferable energy functions that represent bond
stretching, bending, and twisting as well as more distant
nonbonded or steric interactions. Electrostatic forces are
included when appropriate. Stable conformations are
found as minima in the total energy function. When ap-
plied to a segment of an isolated polymer molecule, the
most stable local conformation, when repeated, often can
be indentified as the conformation of the helix obtaining
in the crystalline state. The molecular mechanics calcu-
lations on a variety of local conformations often can be
summarized by association of local conformations with
structurally motivated energy parameters (e.g., gauche
trans energy differences, four-bond pentane interferences,
etc.). These parameters then lead to statistical weight
matrices that may be utilized as input to statistical cal-
culations of the average properties of disordered long

tPresent address: Systems Technology Division, IBM Corp.,
Austin, TX 78758.

chains.! This process has reached a high state of devel-
opment and had many successes. In bulk systems, defects
and energy paths for molecular motion in polymer crystals
have been successfully described via conformational energy
calculations.?™

There has also been interest in predicting the packing
and structure of polymer crystals.>$ It is this subject that
is the concern of the present work. Most past effort in this
area has proceeded via a reasonable two-step process. A
conformation of the polymer helix is adopted. It is de-
termined either from molecular mechanics calculations on
the isolated molecule or from other sources. Then the
packing is analyzed by assembling the polymer helices,
assuming no further change in conformation. Thus, in-
termolecular nonbonded and polar energy functions are
the only participants in the total energy function optim-
ized. In the present work we generalize the packing
analysis by describing a method where both the intra-
molecular and intermolecular degrees of freedom are
permitted to participate simultaneously in the optimiza-
tion. The motivation for this is twofold. First, although
the rigid molecule analysis is no doubt viable in numerous
cases, there are also important ones known where there
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