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ABSTRACT: Several highly branched polymeric systems were prepared by a one-step polymerization. They
are characterized by stiff trifunctional branchpoints connected by rigid rodlike segments. A few systems
with flexible segments were prepared for comparison. The systems were studied in their pregel and post-
gel states. Small-angle X-ray scattering intensity measurements from bone-dry and concentrated solutions
are consistent with the expectations of the polymeric fractal model. Static light scattering combined with
photon correlation spectroscopy revealed the polymeric species in the pregel state to be highly branched.
End-group titration and segment-tip decoration by iodine clearly indicate the highly branched nature of
the pregel as well as postgel systems. The kinetics of particle growth prior to the gel point and solution
property characteristics both agree with the fractal model. Scanning electron microscopy of the dried pre-
gel material yielded typical fractal morphology. Porosimetry studies of one dry postgel network supports
the fractal concept. When compatible macromolecular fillers were added to the reaction mixture of the
one-step systems prior to the gel point, the modulus of the resulting “infinite” network gels was consis-
tently lower than the modulus of the corresponding neat gel. When the rigid networks were prepared in
two steps from preexisting high-M chains, their modulus increased upon the addition of the same filler
macromolcules. The weakening effect of filler macromolecules was even more dramatic in the case of one-
step flexible polymer gels. When short, monodisperse oligomers were added to the one-step rigid networks
instead of their long filler analogues, no effect on the modulus was observed. We propose two growth mor-
phologies to explain our observations. In the one-step polymerization, random nucleations form polymer
fractals. They cluster together and when a sufficient number of them grow enough, a contiguous network
is formed that, when reaching from one end of the sample to the other, is best described as an “infinite”
cluster of polymeric fractals. At this point gelation occurs. Further reaction more or less fills the sample
volume with additional fractals, which may or may not be covalently attached to the “infinite” network.
The filler macromolecules are pushed ahead of the fractal growth fronts until trapped in between. Thus
they reduce the concentration of strong bonds between fractals and clusters causing a reduction of the
modulus of the ensemble as a whole. The oligomers are shorter than the network’s segments, so they can
be accommodated within the growing fractal and not affect the modulus of the gelled network. In the case
of two-step network formation, the solution is randomly filled with high-M macromolecules and when these
cross-link the system rapidly gels with only minor variations in local cross-link concentration. Long filler
macromolecules appear not to measurably interfere with the formation of interchain bonds. Hence, the
modulus of the network does not decrease.

Introduction

Until recently, most theoretical treatments studied cova-
lent polymeric networks that consist of flexible Gaus-
sian segments cross-linked by residues of fully reacted
functionalities.!? The mathematics of the standard
approach was in the spirit of the mean-field theory. The
material was considered essentially homogeneous with
cross-links uniformly arranged through it (physical assump-
tion) and the closed loops and other imperfections treated
as perturbations (a mathematical assumption). More-
over, polymer chemistry provided networks of short mono-
mers and flexible long segments. All these conditions
can be changed through the introduction of rigid seg-
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ments interconnected at stiff or flexible branchpoints,
and the corresponding mathematics has to respond. Thus,
the basic papers®™® have to be modified when rigid rod-
like polymers comprise the network rather than flexible
ones. In their unbranched and un-cross-linked form, these
rodlike polymers are liquid crystalline in nature.

There are three fundamentally different methods of
preparing gelled, covalently linked polymeric networks.
One is to start with a solution of the appropriate mono-
mers, whose average functionality is higher than 2.0, and
conduct the polymerization in a single step. This proce-
dure will be called here a one-step method. The grow-
ing polymeric entities are highly branched and, as will
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be demonstrated below, conform to the polymeric frac-
tal model. When the total polymer concentration in the
reaction mixture, C,, is above a certain critical thresh-
old, C*,, the system eventually solidifies and a gel is
formed. The second method requires the preparation of
high molecular weight (high-M) polymeric chains in a first
step and then cross-linking them many times along the
chains in a second, separate step. This will be called a
two-step method. The cross-linking may be done by irra-
diation, which will not be considered in this work, or by
the use of a suitable cross-linking agent at an appropri-
ate concentration in solution. The third method is sim-
ilar to the two-step method, except that the cross-link-
ing takes place exclusively at the reactive chain ends. In
this work, chain end-linked systems will not be dealt with.
The one-step and two-step methods are expected to pro-
duce two different kinds of molecular networks® and also
to be different from the third kind of network, con-
structed from long flexible chains end-linked by poly-
functional junction points.

The condensation-type cross-linking process described
in this paper for the creation of one-step networks of rigid
members must start at random cross-link centers, or nuclei,
and then grow by an aggregation process until a com-
plete gelled network is formed. The classic vulcaniza-
tion of rubber has, of course, elements of this problem,
since it is well-known that the existence of one cross-
link encourages (by enhancing proximity and slowing down
chain motion) the formation of another in its neighbor-
hood. However, in the case of flexible chains, it is believed
that this effect does not materially change the simple
theory; here it does. The formation of “gel” around cross-
link centers by aggregation leads one to the theory of
aggregation that gives rise to power laws associated with
fractal structures. Such fractals have special elastic pro-
perties!®'® but eventually interpenetrate and link up, so
that the purity of the fractal concept fades.

The resultant rigid segment network gels are in marked
contrast with the classical gels. A classical network gel
is like a solution or melt with cross-links acting as a block-
age to the slow flow of the material, i.e., creating a non-
vanishing modulus at zero frequency. The frequency-
dependent complex modulus of a melt is reasonably well
understood® in terms of the picture of one flexible poly-
mer chain enclosed by the other chains in an effective
tube of radius a > b, the Kuhn segment length of the
chain. Under these circumstances, the shear properties
of the material are dominated by entropy, i.e., by the
movement of the polymer in the tube (and for un-cross-
linked material, by its escape from an original tube to
create a new one in the reptation process; but this will
not arise here). The gelled networks created in this work
are quite different. One can visualize a situation where
b > a and where the entropic contributions can be small
compared to the simple energy of bending the chains.
One can see that all conditions between the two extremes
are possible, and a wide new world of materials begins
to emerge.

Fractals are self-similar. That is, the same properties
are found at each length scale, and a power law governs
the relationship between mass and size.!” In each such
structure, the concentration of polymeric material grad-
ually decreases as a function of distance from the cen-
ter. The average diameter and number of such poly-
meric fractals continue to grow until all reactive mono-
meric species are consumed when polymerization is carried
out in dilute solutions or, in the case of higher concen-
trations, until the fractals impinge upon one another and
gelation takes place. At gelation some covalent bonds
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between contiguous fractals are undoubtedly formed, but
other interactions, such as hydrogen bonds between poly-
amide chains, can form the gel on their own. The con-
centration of covalent bonds at the interfacial layer is
expected to be lower than in the fractals’ cores, espe-
cially in the case of rigid rodlike fractals. The polymer-
ization reaction continues beyond the gel point with the
concomitant creation of additional covalent bonds between
fractals and the probable formation of additional frac-
tals. Stiff polymeric fractals growing in solution, having
rodlike segments between stiff branchpoints, are likely
to enhance the above because of the overall stiffness of
the fractal and because the growing rodlike segments can-
not easily bend or twist to adopt the appropriate angle
for reaction with approaching monomeric species or for
intrafractal cyclization.

Since they consist of long polymeric chains cross-
linked at regular intervals or at random along the back-
bone with many other such chains present in solution,
the gelled two-step networks may not behave as fractals
at all but may be closer in shape to sheaves of macro-
molecules held together by interchain cross-links. The
sheaflike appearance is expected to be more accentu-
ated in the case of rodlike macromolecules and gradu-
ally approach fringed-micelle behavior as the initial chains
turn more and more flexible. If such a system can be
called fractal at all, then its fractals will be very large in
size and rather diffuse with probably close to uniform
polymer concentration throughout.

In this work we deal exclusively with covalent poly-
meric gels, that is, covalently cross-linked polymeric net-
works prepared by polycondensation and equilibrated in
solution. We limit ourselves almost exclusively to poly-
mer concentrations in the gels of 10% or less. The empha-
sis is on rigid rodlike networks, where the branchpoints
are stiff and the segments between them are rigid, with
a few flexible segment networks used for comparison. The
descriptive term “rigid rodlike” is correctly applied to
polymers such as aromatic polyimides or para-substi-
tuted polybenzoxazoles. Here, however, we elected to be
consistent with our previous work'®2° and follow tradi-
tion by describing the nature of our para-substituted poly-
amide segments as rigid rodlike.

We shall show that the nature of the growing one-step
rigid aggregates in the pregel state is consistent with the
fractal model. It will also be demonstrated that because
of the branchpoint and segmental rigidity and the rather
large average length of the segments between branch-
points, the rigid one-step fractals are remarkably porous
on the scale of solvent molecules. We shall further show
that differences in the growth nature of one-step and two-
step rigid systems are reflected in differences in the behav-
ior of the gels of corresponding “infinite” networks. This
will be done by the introduction of un-cross-linkable mac-
romolecular fillers into the evolving gelled network dur-
ing the process of their formation. These fillers are highly
soluble in the reaction medium and compatible with the
cross-linked networks in the gels. The idea is that in the
one-step network formation the filler macromolecules may
interfere with the intermeshing of the impinging fractals
and with the formation of covalent bonds between them,
reducing the expected modulus of the gelled networks
containing the filler macromolecules. In the sheaflike two-
step gels, on the other hand, the presence of filler mac-
romolecules is not significantly detrimental to the cross-
linking of the other high-M chains and the formation of
networks. Hence, the presence of compatible filler mac-
romolecules in the two-step gels is expected to increase
the modulus as compared with the neat networks.
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Experimental Section

Rigid rodlike gelled networks and flexible gelled networks
were prepared by the Yamazaki procedure® as modified by Aha-
roni for the preparation of cross-linked systems.’®2° Besides
the solvent mixture, N,N-dimethylacetamide (DMAc) contain-
ing 5§ wt % anhydrous LiCl, and the appropriate monomer com-
position, the reaction mixture contained a slight molar excess
of pyridine and triphenyl phosphite (TPP). When macromo-
lecular or oligomeric filler was incorporated into the evolving
gels, the requisite amount of such macromolecules was dis-
solved in the solvent mixture prior to the addition of the other
ingredients. The preparation of most gelled networks in this
study was conducted at 112 £ 1 °C, and the reaction was allowed
to proceed for exactly 3 h after each system reached its gel point.
In a study of the critical concentration for gelation, C*;, the
reaction was allowed to continue for 3 h from the addition of
TPP for systems too dilute to gel or for 3 h after gelation for
the more concentrated ones. Filler macromolecules were pre-
pared from the appropriate monomers by the Yamazaki proce-
dure, at 105-115 °C, at monomer concentration, C,, of 10%.
Here the reactions were allowed to continue for 3 h after a sig-
nificant increase in solution viscosity was evident. Identical
conditions were used for the preparation of the monodisperse
oligomeric filler, branched systems in their pregel and, on occa-
sion, postgel state. In several series aliquots were withdrawn
from the reaction mixtures until the gel point was reached. Each
aliquot was rapidly quenched in methanol, carefully washed,
dried, and characterized. The purified product of one series
(59E) was subsequently used to study its ability to form an “infi-
nite” network gel in the absence of monomers and for the pur-
pose of decorating the segment tips with iodinated groups. Kinetic
studies were performed by conducting the polycondensation reac-
tion with the oscillating sphere of a Nametre direct readout
viscometer immersed in the reaction mixture. In order to min-
imize data scatter, each given type of measurement was con-
ducted, as much as possible, on members of the same series.

Schotten-Baumann-type reactions were employed to pre-
pare a tetrafunctional monomer for one of the filler macromol-
ecules and for the preparation of two high-M polyamide chains
capable of undergoing subsequent cross-linking by the Yamazaki
procedure. Except for the tetrafunctional filler macromole-
cule, all branchpoints in this study were trifunctional.

After synthesis, the gelled networks were cut into slabs with
a sharp blade. Their modulus was measured at ambient tem-
perature (ca. 20 °C) without immersion in solvent. When
immersed in solvent and immediately measured, the modulus
was no different from that of the unimmersed slabs, within the
experimental error margin of our measurements. When equil-
ibrated in DMAc, a process that took several weeks and required
several solvent exchanges, the gels swelled to different degrees
relative to the as-prepared ones. The modulus measured on
the swelled gels was lower than the one obtained from the cor-
responding as-prepared gels and, again, was insensitive to whether
the specimens were immersed in DMAc during measurements
or not. The equilibrum modulus, G, was determined from the
depth of penetration of a flat surface into the gel under four
different loads. The penetration depth was measured by a Hum-
boldt universal penetrometer equipped with a flat penetrating
tip whose surface area was changed such that the depth of pen-
etration was limited to fractions of a millimeter. Details of the
measurements are given in a previous paper by Aharoni and
Edwards.2® Sol-gel fractionation was conducted in a routine
manner as described in ref 20.

Dilute solution viscosity of the soluble fractions was mea-
sured in DMAc/5% LiCl at 20 °C with a Nametre direct read-
out viscometer and at 25 °C in internal dilution Cannon-Ubbe-
lohde glass viscometers with solvent efflux times longer than
100 s. Concentrated solution viscosity was measured at 20 °C
in the Nametre viscometer. ’

The weight-average molecular weight, M, of pregel samples
was measured on their solutions in DMAc¢/5% LiCl in a low-
angle laser light scattering Chromatix KMX-6 instrument. The
hydrodynamic radius, Ry, and molecular weight distributions
in terms of M,,/M, and M,/M_, were determined from diffu-
sion measurements in a Langley-Ford LSA-II photon correla-
tion spectrometer (PCS). The molecular weight ratios were deter-
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mined from the distributions of the PCS data. Prior to mea-
surement, all solutions were filtered through Millipore filters
with 0.2 um pore size. In order to observe the size-indepen-
dent power-law scattering behavior for a fractal, one requires
that R > 1/q, where R is the radius of the fractal and g is the
scattering vector defined below. For visible light, 1/g > 200 A.
Consequently, our polymers were much too small to exhibit this
scattering behavior by the use of the light scattering.

Scanning electron microscope (SEM) micrographs were
obtained from gold-sputtered samples by using Hitachi 8570
SEM. Densities were measured by pycnometry in mixtures of
chlorinated solvents with hexanes or methanol. None of these
mixtures is a solvent or swelling agent for our polymers. Some
additional measurements on the dried gelled network were con-
ducted by helium pycnometry and mercury porosimetry by means
of a Micromeritics Auto-Pore 9200 instrument.

Wide-angle X-ray diffraction (WAXD) patterns were obtained
from the postgel networks and the pregel molecular aggregates
in their bone-dry and solvent-swollen states. For the purpose
of swelling, DMAc¢/5% LiCl was used. The patterns were
obtained in a Philips APD 3600 automatic diffractometer oper-
ating in the parafocus mode with monochromatized Cu Ka radi-
ation. After background subtraction, crystallinity indices were
obtained from the diffraction patterns as is common in the art.
Small-angle X-ray scattering (SAXS) data were collected from
samples in 1.5-mm diameter quartz capillaries. The patterns
were recorded with nickel-filtered copper radiation on a Franks
camera using a position-sensitive proportional counter con-
trolled by an IBM PC/AT computer. Pinhole collimation was
obtained by using a pair of delimiting slits at right angles to
the single focusing mirror. The distance of the sample to detec-
tor window was 325 mm and was filled with helium. Data were
collected from 1 to 16 h, depending on the absorption and scat-
tering intensity of each sample. The data were corrected for
absorption by measuring the attenuation of the 50.3-A reflec-
tion from lead stearate. The background due to a blank capil-
lary and due to the solvent were subtracted, respectively, from
the bone-dry powder and pastelike solution data. For the pur-
pose of measuring the scattered intensity I(g) as a function of
the momentum transfer g, data were collected over the range
of 10718 A7 < ¢ < 108 A™!, For segmental length [, of 38.5
A, this translates to 0.61 < gl, < 6.10. The momentum trans-
fer ¢ is also called the scattering vector and is defined?? as

q = 4= sin (8/2)\ 93]
in terms of the scattering angle 6 and the wavelength A of the
scattered beam. When the scattering angle is small, as is true
in most SAXS experiments, the above may be approximated??
by

g =2mf/\ 2)

but in this work only relationship (1) was used.

The structures and purity of the monomers and pregel poly-
mers were confirmed by 13C NMR spectra obtained with a Varian
XL-200 Fourier-transform NMR spectrometer from solutions
in deuteriated DMAc or Me,SO. Infrared (IR) procedures were
used to obtain a qualitative estimate of the relative amounts of
“free” and H-bonded amide groups in bone-dry samples of one-
step rigid networks and the chemically similar linear rigid filler
macromolecules. Amide groups that are not hydrogen bonded
are associated with an IR envelope centered around 3400 cm™,
while H-bonded aromatic amides produce an envelope at about
3350-3300 cm™. A qualitative estimate of the amount of “free”
amide amide groups can be gathered from evaluation of the
areas under both IR envelopes. The spectra were obtained by
using a Perkin-Elmer Model 983 ratio-recording double-beam
infrared spectrophotometer under 3 cm™ at 100-cm™ resolu-
tion conditions. The samples were ground with KBr powder,
pelletized under 9-ton ram pressure, predried by using flowing
liquid nitrogen boiloff, then dried at 100 °C under 220 Torr for
16 h, and finally transferred hot to a flowing nitrogen dry instru-
ment to cool. Samples prepared in this fashion will be called
“bone-dry” samples.

End-group titrations were conducted in the following man-
ner: 3.00 g of each sample was dissolved with warming in 60
mL of DMAc/5% LiCl. After full dissolution and uniformity
were achieved, the samples were cooled to ambient tempera-
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ture. The titrations were carried out by first titrating against
aqueous NaOH (0.2094 N) and then back-titrating with aque-
ous HCl (0.2378 N). The total volumes of base and acid were
on the order of 20-30 mL per sample. As a consequence, some
polymer precipitated out during the titration and had to be
constantly cleaned off the calomel electrode. The pH values
were recorded after each milliliter of added titrant and the results
plotted. From the breaks in the curves, the weights per mole
of carboxylic acid and amino end groups in each sample were
calculated. Iodine analysis was performed by common analy-
tical procedures.

The monomer 4,4’-diaminobenzanilide (DABA) was obtained
from Sandoz Corp. The monomer bis(p-aminobenzoate) tri-
methylene glycol (BABTMG) was obtained from Polaroid Corp.
under the trade name Polacure 740M. Both were recrystal-
lized from methanol prior to use. A 36 carbon atom dimer acid
(Empol 1010) was obtained from Emery Industries. All other
starting materials, reagents, and solvents were obtained from
chemical supply houses in the highest available purity and used
as received.

Results

(a) Systems for Pregel, Growth Kinetics, and Crit-
ical Concentration for Gelation Studies. For the pur-
pose of studying the growth kinetics of one-step highly
branched systems, a series (series 37) of highly branched
polyamides was prepared in which all branchpoints are
stiff. The monomers for the trifunctional branchpoints
were either 1,3,5-benzenetricarboxylic acid (BTCA) or
tris(p-carboxyphenyl)-1,3,5-benzenetriamide (TCPBT),

COOH
o] /@

COOH
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which was prepared by us in a Schotten-Baumann-type
procedure from p-aminobenzoic acid and 1,3,5-benzene-
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Figure 1. Changes in viscosity with reaction time in the pre-
gel and postgel states of series 37. Systems prepared at 115
°C: rigid and semirigid (®) 37B, (x) 37C, (m) 37D, (0) 37E, (&)
37F: flexible (O) 37G. System polymerized at 103 °C: (@) 37H.
All networks at Cy = 7.56%.
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For the purpose of comparison, a few semirigid and
flexible systems were prepared, all with the stiff branch-
points described above. The semirigid systems, used only
for the growth kinetics study, were made by replacing
the rigid DABA by bis(p-aminobenzoate) trimethylene
glycol (BABTMG):

i i
HaN C—0-+CH 0—C N
v @-etengo L@

v

The flexible systems were prepared by the addition of
sebacic acid comonomer to the systems containing
BABTMG, while maintaining the equality of amine and
carboxyl groups.

The changes in viscosity with reaction time of several
rigid and semirigid and one flexible member of series 37
are graphically shown in Figure 1. In all instances the
gel point was reached when the viscosity was about 200
cP. When the same data were plotted in ref 20 in terms
of log reduced viscosity versus reaction time, the data of
each rigid or semirigid system fell on one or two straight
lines (except for one rigid system polymerized at much
lower temperature, which fell on three straight lines). The
data points of the flexible system 37G, below the gel point,
also fell on two straight lines. log-log plots of the change
in viscosity upon approaching the gel point as a function
of reduced time, (t, - t)/t., indicate that the rigid rod-
like systems follow a power law larger than -1 (-0.97 to
-0.52), while the viscosity of the flexible system scales as
the reduced time to a —1.85 power. Here t. is the gel
time and ¢ is the time when the viscosity was measured.
The data are shown in Figure 2, where some postgel results
of the flexible system are shown for completeness. A point
for the rigid system 37H far away from the extrapolated
expectation reflects the fact that at very small reduced
time, i.e., very close to the gel point, a large scatter may
occur in the data of the rigid systems due to the very
steep slope of viscosity versus time in those portions of
the curves (see Figure 1).

To study the nature of the growing rigid species in the
pregel state, two series were prepared by removing ali-
quots of the reaction mixture as they increase in viscos-
ity prior to the gel point. After precipitation and care-
ful purification, the various fractions were character-
ized. The two series, namely, 45X and 59, are funda-
mentally the same, except that one member of series 59
(59E) was subsequently used for additional synthetic and
characterization studies. The monomer composition for
both series was 2:1:2/3 molar DABA /nitroterephthalic
acid/BTCA. The use of nitroterephthalic acid (NTPA)
rendered the systems highly soluble and ensured the amor-
phicity of the branched polymer, a fact verified by WAXD
studies conducted on the bone-dry polymers, on their pas-
telike concentrated solutions in DMAc¢/5% LiCl, and on
gels of the corresponding “infinite” networks. A typical
segment of series 45X and 59 looks like V, and its aver-
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Table I
Stages in Growth of One-Step Rigid Fractals and Network,
I, =385 A, Prepared at C, = 3%

rctn  polym intrinsic

time, yield, solubin visc of sol, wt
code min® % DMAc dL/g® avM,® Ry A’
45XE 22 10.5 soluble 0.21 7800 172
45XA 27 27  soluble
45XF 32 35 soluble 0.24 10700 22.0
45XG 37 70  soluble 0.30 16 700 26.6
45XB 42 79 5.6% gels 1.26 410 000° 120
45XH 44 ~95 16.0% gels 1.61  700000% 1559

45XC ~45 ~97 >50% gels®
45XD 55 ~98 gelled solid’

@ Reaction time from the moment TPP was added. ® Intrinsic
viscosity, M,, and Ry of sol fraction alone. ¢ The M, and Ry relate
to 67.5% of the sample. The rest is of significantly higher molec-
ular weight in a bimodal distribution obtained by PCS. ¢ Esti-
mated from plots of intrinsic viscosity versus M, and Ry. ¢ Gel par-
ticles appear in the reaction medium during polymerization. / Ge-
lation complete during polymerization.

age length, o, is 38.5 A. Series 45X was prepared in such
a monomer concentration that the concentration, Co, of
the resulting polymer network as prepared in the reac-
tion medium will be 3%. The characteristics of the var-
ious fractions of the series are shown in Table L

Series 59 was prepared from the same monomers as
series 45X but at a concentration of Co = 5%. By the
addition of excess 3,4,5-triiodobenzoic acid (TIBA) to the
reaction mixture as the viscosity increased and the sys-
tem was approaching the gel point, we were able to obtain
“infinite” networks containing a substantial fraction of
blocked segment tips and systems that altogether failed
to form a network and solidify. Furthermore, by react-
ing fraction 59E with itself after it was thoroughly puri-
fied of monomers and low-M oligomers, the nature of the
rigid branched macromolecules was further elucidated.
In the first experiment, 59E was reacted with itself under
Yamazaki conditions at Co = 10%. A very stiff, isotro-
pic clear gel of a rigid “infinite” network (59F) formed
within 2 min from the addition of TPP. In the second
experiment, 59E was reacted with a 5-fold excess of TIBA
to give 59G. No gelation occurred, even after 30 min reac-
tion time. It is obvious that practically all the accessi-
ble amino groups present in the 59E molecules reacted
with the TIBA before they had a chance to react with
the carbonyl groups of the same or other 59E molecules.
In a third experiment, 59E was reacted with a 5-fold excess
of 4-iodoaniline to produce 59H. Here, too, no gelation
took place. After careful purification, the members of
series 59 were characterized by light scattering, iodine
analysis and solution properties. The results are listed
in Table II. The mechanical properties of the “infinite”
networks 53A and 59F will be discussed below together
with those of all other gels.

Using light scattering and viscosity data together with
the average molecular weight (714) per rigid segment, we
employed several relationships previously described by
one of us2¢ to calculate some characteristic radii and ratios
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of radii to molecular weights. The results, for several
fractions of series 45X and for 59E, are tabulated in Table
I11.

From the M, and M,,/M,, data obtained by light scat-
tering the PCS, the number-average molecular weight,
M, of members of the 59 and 45X series in Tables II
and III was calculated. From these, the number-average
segments, IV, per branched macromolecule were deter-
mined. End-group titrations for carboxyl and primary
amine groups gave the equivalent weight per such group,
from which one may calculate the number of titratable
groups per macromolecule. These numbers are shown
in Table IV. In a similar fashion one can calculate from
the iodine analysis of 59E, 59G, and 59H the number
percent of segments whose tips are decorated by iodine
(taking into account the added weight that the extra C,
H, N, and O atoms contributed to the segment). The
results indicate that amine-terminated segments, deco-
rated with TIBA, amounted to 45.4% of all segments in
59G and carboxyl-terminated segments, decorated with
4-iodoaniline, added up to 39.8% of all segments in 59H.
The decorated segments amounted to 85.2% of the total
segments in 59E. This is equivalent to 4.6 segments out
of the 5.4 segments present in each 59E molecule. The
number-average segmental ends, N, 4, actually mea-
sured is in excellent agreement with the numbers expected
by simply modeling each rigid macromolecule with its
trifunctional branchpoints and then counting the free seg-
ment ends. The calculated number, N, is also shown
in Table IV. The important results here are the high
degree of branching for both 45X and 59 series, the good
agreement between the calculated and the measured num-
ber of segment ends, and the high accessibility of seg-
ment tips to titrant and reactant small molecules, reflect-
ing the free-draining nature of our rigid rodlike one-step
highly branched macromolecules.

Plots of intrinsic viscosity [n] versus M, and hydrody-
namic radius, Ry, against M, for series 45X are shown
in Figures 3 and 4, respectively. The excellent fit of the
four experimental points on both curves gave us confi-
dence in the results and allowed the estimation of M,
and Ry of 45XH from [n]. The intrinsic viscosity depends
on M, as

[7] = (5.02 + 0.58) X 107°M,041® 3)
and Ry is proportional to M,, as
Ry « M, 0% @

When the M, /M, ratios of series 456X are double-log-
arithmically plotted against M,, in Figure 5, they fall on
a straight line defining a power dependence:

M/ M, = M55 (5)

The viscosities of three members of the 45X series are
plotted in Figure 6 in terms of reduced viscosity (ns,/c)
in deciliters per gram versus percent concentration, ¢. In
the dilute solution region the dependence of 7,,/c on ¢
is rather small. For sample 45XB, a semidilute interval
is observable, with a well-defined linear section of the
log-log plot. No such well-behaved interval is observed
for the much lower molecular weight 45XG. Beyond 5%
concentration, 45XB reaches its concentrated solution
regime with a higher linear dependence of 7,,/c on c.
We have insufficient data on 45XG in the concentrated
regime to estimate the power dependence of its reduced
viscosity on concentration. The dilute solution results
of 45XB indicate that viscosities obtained by the glass
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Table 11
Characteristics of Pregel and Postgel One-Step Rigid
System with I, = 38.5 A

intrinsic
Cy iodine, %  visc of sol, M,/ Ry
code % wt% gel dL/g MS M2 M, X

59C 5 ND® none <0.24 3300 1.8 1850 10.4
59E 5 none none 0.26 9600 2.5 3850 18.1
59G 3 21.35 none 0.27 16400 2.8 5850  21.6
58H 3 6.23 none 0.27 12200° 2.8° 4350° ND
59B 5 12.69 14.1 1.38 780000 5.0 156000 124
59D 5 none 529 1.61 ND ND ND ND

50A 5 760 >90
59F¢ 10 none >98

@ By light scattering and PCS. ® Not determined. ¢ From iodine
analysis and measured values of 59E. ¢ Prepared from purified 59E.

viscometer (at 25 °C) and the Nametre viscometer (at 23
°C) are reasonably close to one another. We conclude
that for sample 45XB we observe three well-defined regions
of dependence of ns,/c on c:

ﬂsp/C « % ¢ <1.2% (6a)
nlc < ™ 1.2% <c<5% (6b)
nglc = % 5% <c < 26% (6¢c)

We have insufficient data to correlate the different power
laws above with expected fractal behavior in different
concentration regimes.

The intensity, I(g), of X-rays scattered as a function
of the scattering vector, ¢, was measured on several mem-
bers of the 45X series in a bone-dry state and as a usu-
ally clear paste consisting of 1 part by weight polymer
and 2 parts DMAc/5% LiCl. A typical plot of intensity
versus 26, demonstrating the difference in scattering inten-
sity between a polymeric pastelike solution and the pure
DMAc/5% LiCl solvent mixture, is shown in Figure 7.
The background-corrected intensities were then plotted
as log I(g) against log ¢, as is shown in the two panels of
Figure 8. Within the range of accessible g the data points
fall on rather linear curves with slopes as listed in Table
V. The results of the 1:2 paste are especially instructive
since they were obtained from the branched macromol-
ecules swollen with solvent, bringing them closer to the
shape and behavior expected of them in dilute solution.
The bone-dry ones may have collapsed and lost some fea-
tures of their original geometry. It is well accepted in
the literature?2.23.25-28 that in this range of ¢, a depen-
dence of I(g) on g to a power of less than 4, especially a
noninteger dependence, is indicative of a fractal nature
of the scattering sample.

The critical concentration for gelation, C*o, of the one-
step rigid rodlike networks was found to be dependent
on the length, [y, of the segments between branchpoints.
In this study systems were prepared with trifunctional
stiff branchpoints and segments as short as 6.5 A and as
long as 65 A, the former from equimolar amounts of 5-ami-
noisophthalic acid and 3,5-diaminobenzoic acid, and the
latter from 2:1:2/3 DABA/4,4'-dibenzoic acid
terephthalamide/ TCPBT. The 4,4’-dibenzoic acid tere-
phthalamide was prepared by a Schotten-Baumann type
reaction from p-aminobenzoic acid and terephthaloyl
dichloride. Networks with intermediate segment length
were polymerized in a similar fashion from combina-
tions of the monomers used throughout this work. Each
polymer was prepared in several concentrations, Cy, until
a concentration interval was reached where the formed
gel did not encompass the whole volume of the reaction
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Table III
Dilute Solution Characteristics of Pregel One-Step Highly Branched Rigid Macromolecules*

code intrinsic visc M, N, MJ/M, Ry A Rgud PRguwd Ror A R A Ru/MY?  Rguie/ MGH/?
45XE 0.21 7 800 11 1.7 172 52 34.6 227+£13 125x0.,5 0.193%0.022 0.392
45XF 0.24 10 700 15 1.5 22.0 61 40.2 24.8 13.65 0.213 0.389
45XG 0.30 16 700 234 1.6 26.6 76 50.2 31.6 17.4 0.206 0.388
45XB 1.26 410000 574 1.8 120 377 235.8 150.9 83.1 0.187 0.368
45XH 1.61 700 000® 155°

59E 0.26 9600 13.4 1.6 18.1 57.5 39.9 27.0 14.9 0.185 0.407

¢ Intrinsic viscosity in dL/g. M,/M,, from diffusion coefficient distributions measured by PCS. Rg, = Gaussian radius of gyration;
RgGuise = Viscosity-derived radius of gyration; Rg,y = freely draining radius of gyration; R4 = nondraining radius of gyration; Ry = hydrodynamic
Gyisc Gfd Gnd H

radius. ® Extrapolated from log-log plots.

Table IV
Number of End Groups per Macromolecule of Members of
the 45X and 59 Series

code Mw Mw/Mn Mn Nw Nn Nendla Ncalc
45XE 7 800 (2.0) 3900 11 55 4.1 4-5

45XF 10700 2.2 4860 15 68 5.8 6
45XG 161700 2.7 6200 234 87 6.9 7
45XB 410000 8.6 47650 574 67 37 35

59E 9 600 2.5 3850 134 54 46 4-5

245X by end-group titration and 59E by iodination of segment
tips in 59G and 59H.

10.0

[n], diig

0.1 L | " 1 L
10° 10¢ 105 108
M,

Figure 3. log-log plot of intrinsic viscosity versus M,, of series
45X. All in DMAc/5% LiCl solution; (®) extrapolated.

1000

T T T

1 N I " L N
10° 10° 10° 10°
M,,

Figure 4. Hydrodynamic radius versus M, of series 45X. In
DMAc/5% LiCl solution; (®) extrapolated.

mixture. This point is taken by us to be C*y: at Co > C*
the whole volume was gelled and at C, < C*; a smaller
and smaller fraction of the total sample was gel. To these
data we added previous data, especially on systems with

102 — — :

T

10°

N . . P A N
10° 10* 10° 10°
M.,

Figure 5. M_ /M, ratio as a function of M,, of series 45X.

10° T 1 , r

Reduced Viscosity

r * 0.052
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1 i i | i
107 10° 10 102
Concentration, %

Figure 6. Reduced viscosity as a function of concentration for
members of the 45X series in the pregel state: 45XB (@) in a
Nametre direct readout viscometer at 23 °C; (W) 45XG in a Name-

tre viscometer at 23 °C; (a) 45XF in a glass viscometer at 25
°C.

very long segments, taken from Aharoni and Wertz.!® All
the results are plotted in Figure 9. The C*, versus [,
curve obviously separates into two branches. The branch
with Iy > 65 K is associated with different behavior of
the gel right above C*, than the branch for [, < 65 A.
The gels of the long segments were extremely soft and
could not retain the shape of the reaction vessel once
removed from it. Conversely, the gels of the [, < 65 A
segments maintained their shape, being relatively stiff
at [, close to 65 A with considerable increase in brittle-
ness as [, became shorter. Based on the above, we believe
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Figure 7. Typical absorption-corrected SAXS curves for a 45XB
pastelike 1:2 solution in DMAc/5% LiCl (®) and DMAc¢/5%
LiCl solvent mixture (0). While the data were collected at 26
intervals of 0.016°, for clarity data obtained by averaging over
every 0.03° intervals are shown in the figure.

that the softness and deformability under gravity of the
l, > 65 A gels is due to the inability of the very long seg-
ments and resultant loosely connected network to sup-
port the weight of the occluded solvent. In the case of
lo <65 A, a different situation exists. Here, the decreas-
ing distances between branchpoints of the growing par-
ticles simply deplete the reaction mixture of monomeric
species and prevent the formation of “infinite” net-
works. This depletion is compensated by increasing the
total monomer concentration in the reaction mixture until
a point is reached where an “infinite” network is finally
formed. Conversely, as the segment length increases from
6.5 to 65 A, the growing network can accommodate within
it a larger and larger fraction of the reaction solvent, allow-
ing C*, to fall toward [, = 65 A. This picture is also
consistent with the increasing time periods with decreas-
ing !, required for the gel point to be reached (over 4 h
for I, = 6.5 A).

Well-dried powders of the one-step rigid fractions 45XF
and 45XB were sputtered with gold and then observed
at 60000X magnification in a scanning electron micro-
scope (SEM). Their nodular structure, in Figure 10A,B,
is immediately evident. The appearance of 45XB is espe-
cially reminiscent of the morphologies of fractal growth

of several diverse systems reported in the literature.?®33
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The size of the smallest observed nodules is in fair agree-
ment with the size of the rigid fractals deduced from their
Ry values in Table I. A very fine mottled texture, much
smaller than 100 A in size, which can be seen in the orig-
inal micrographs, is ascribed to the sputtered gold. The
materials for Figure 10C,D were obtained from the gelled
networks of the flexible polymers 51B and 51C (to be
described below) by passing them through a blender and
then extracting the solvent, drying, and preparing for SEM
observation as has been described in the Experimental
Section. Their surfaces are smoother than those of the
rigid networks and instead of the obvious nodular tex-
ture of the rigid networks, the dried flexible networks
exhibit surfaces reminiscent of the appearance of a mam-
malian cerebral cortex,?® The texture of the two-step net-
work 51B is finer than the corresponding texture of 51C,
indicating a measure of dissimilarity between the two flex-
ible networks. However, because of the flexibility of the
polymers, it is most unlikely that there will be evident a
direct correlation between the size and shape of the dried-
up, collapsed aggregates and their solvent-filled ana-
logues in solution.

(b) Gelled Networks. Rigid one-step gelled net-
works were prepared by the Yamazaki procedure as
described above. The networks were prepared neat and
with filler macromolecules at concentrations C, as shown
in Table VI. The modulus of the gelled networks was
measured at ambient temperature on the as-prepared gels
(at C,) and on gels that were allowed to equilibrate with
DMAc (at C). The preparation and characteristics of the
filler macromolecules, including three high-M polymers
of high and low rigidity and a monodisperse rigid oligo-
mer, are described in section ¢. With the exception of
several rigid one-step systems used for the growth kinet-
ics studies, all rigid one-step gelled networks whose mod-
uli were measured in this study were chemically identi-
cal, with the same average segment length, [, = 38.5 A,
between stiff trifunctional branchpoints as described in
structure V and with respect to the reaction conditions
after gelation occurred. These networks fall into three
series: (a) gel 59A in which some segment tips were dec-
orated with iodine and gels 59F and 59J made from the
carefully purified 59E fractals described above; (b) mem-
bers of series 45X that were allowed to further react and
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Figure 8. Intensities of SAXS versus ¢ of three representative pregel (45XE and 45XB) and postgel (45XD) rigid rodlike, trifunc-
tional, highly branched systems, plotted on the log-log scale. For clarity, each data point set is displaced vertically by 0.5 log I unit.
The number of points along each curve is reduced for clarity in the same manner as in Figure 7. Left panel: Bone-dry 45XE (top),
45XB (middle), 46XD (bottom). Right panel: Solvent-swollen samples (1:2 polymer/solvent); 45XE (top) (scattering exponent for
this sample was obtained from only the small-g portion of the curve), 45XB (middle), 45XD (bottom).
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Table V
Scattering Exponents and D, Values for Several Members
of the 45X Series*

dry samples solvent-swollen samples
scattering scattering
code form  exponents D, exponents D,
45XE pregel 3.75 2.25 3.5 2.5
45XF  pregel 3.5 2.5
45XG  pregel 4.0 2.0 3.3 2.7
45XB  pregel 3.9 2.1 3.35 2.65
45XD network 3.3 2.7 3.0 3.0
@ Values rounded within £0.05.
100 . . —
Lo o0 mlg 'f
st o we o | T ]
1 il N i
1 10 100 1000

lyin A

Figure 9. log-log plot of the critical concentration for gela-
tion, C*,, as a function of segment length, /;: (O) system gelled;
(4) system did not gel; (®) system at the gel point, mostly gelled
but some sol regions. Often the formed gel in this concentra-
tion interval would not maintain its shape after being removed
from the reaction vessel.

form “infinite” networks; (c) members of series 45 (456B2
through 45T and 48C) in Table VI.

The gelled networks of series 59, especially 59F and
59J, which were prepared from the fractals 59E in the
complete absence of monomers and low-M oligomers, are
remarkable and merit special mention. Their character-
istics are listed in Table VII together with those of chem-
ically identical one-step rigid gelled networks previously
prepared from monomers in the conventional manner.

Importantly, series 59 shows that the fractals 59E can
easily react under Yamazaki conditions with one another
to form an “infinite” network in the absence of any mono-
mers or low-M oligomers. The formation of an “infi-
nite” network occurs at the same concentrations as in
the presence of monomeric species. In fact, the gelation
is much faster than the gelation in the regular one-step
polymerizations under similar concentrations. The mod-
uli of the as-prepared gelled networks are higher than or
similar to those of the comparable regular networks. Dur-
ing equilibration in DMAc the gels swell substantially
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Figure 10. (A) SEM photograph of the surface of one-step
rigid polymer 45XF powder. Note nodular structures down to
about 250 A. (B) Same for one-step rigid polymer 45XB. Note
several size scales of nodules, the smallest appear to be about
400-500 A in diameter. (C) Same for one-step flexible polymer
51C. Surface appears as the cerebral cortex of upper mamma-
lian animals with promontories about 1000 A in width. (D) Same
for two-step flexible polymer 51B. Here the surface is more
fine grained, with features only about 300 A in size. The dot-
ted line at the bottom right of each micrograph is 5000 A long.

less than the comparable regular one-step gels and the
modulus of the equilibrated gels is, hence, higher than
that of the regular gels. Sample 59A shows that if the
reaction is allowed to proceed far enough, an infinite net-
work can develop from partly blocked fractals. It should
be noted that the blocking/iodination reagent used here
blocks only amine-terminated segments. When the addi-
tion of the iodination reagent is done a little earlier in
the reaction, compare 59B in Table II with 59A, the for-
mation of an “infinite” network is prevented and some
gel particles remain in the reaction mixture together with
very high-M highly branched soluble polymeric fractals.

A series of flexible one-step gelled networks listed in
Table VIII was prepared in a similar fashion. All but
one (51C) of the tabulated flexible systems (series 456E2
through 45R) used a dimer acid as a flexibilizing mono-
mer. Inthis case the average segment length between tri-
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Table VI
Modulus of One-Step Rigid Rodlike Network Gels, I, = 38,5 A=

modulus at % wt loss during equilibrated modulus at
code description Co, % ¢ = Cy, dyn/cm? DMACc equilibrat c=C, % ¢=C, dyn/cm?
45B2 neat network 10.0 3.06 x 108 methanol sol very little 7.4 2.29 X 108
45C2 neat network 7.5 : 2.45 X 108 methanol sol very little 5.3 1.88 X 108
45D2 network + rodlike 7.5+ 25 1.68 X 108 15.9% of total 5.06/6.75 1.41 % 108
48C network + oligomer 7.5+ 2.5 2.41 x 108 6.6% of total 4.94/6.59 1.82 x 108
45J2 network + X'’s 7.6+ 2.5 1.95 X 108 10.7% of total 4.91/6.55 1.73 X 108
45V network + flexible 7.5+ 2.5 2.06 X 106 0.17% of total 4.96/6.62 1.60 X 106
45P neat network 5.0 2.28 X 108 3.1% 3.36 1.53 X 108
45M network + rodlike 50+ 5.0 1.51 X 108 10.9% of total 3.08/6.17 1.07 X 108
45K network + X’s 5.0+ 5.0 0.71 x 108 19.9% of total 2.83/5.65 0.68 X 108
45T network + flexible 5.0+ 5.0 1.24 x 108 0.28% of total 3.39/6.77 0.94 X 108
59A neat iodinated network 5.0 0.66 x 108 not measd 4.32 0.595 X 108
59F neat network from fractals 10.0 3.80 x 108 none detected 9.20 3.54 X 108
59J neat network from fractals 5.0 2.19 X 108 none detected 4.12 2.09 X 108

@ All measurements were performed at 23 °C. In systems with fillers, the majority of the extracted material was filler material. In the
DMAc-equilibrated systems with fillers, the larger number was experimentally determined while the smaller number was calculated on the
basis of the charge ratio in the Cy column.

Table VII
Chemically Identical One-Step Rigid Gelled Networks
as-prepared modulus, equilibrated in modulus,
code c=Co % how & from what made dyn/cm? DMAc, c=C, % dyn/cm?
45B2 10.0 monomers, regular 3.06 X 108 7.4 2.29 X 108
59F 10.0 fractals 59E 3.80 X 108 9.20 3.54 X 108
45P 5.0 monomers, regular 2.28 X 108 3.36 1.53 X 108
59J 5.0 fractals 59E 2.19 X 108 4,12 2.09 X 108
59A 5.0 monomers, partly blocked, regular 0.66 x 108 4.32 0.595 x 106
Table VIII
Modulus of One-Step Flexible Network Gels, I, = 58 A2
modulus at % wt loss during equilibrated modulus at
code description Co, % ¢ = Co, dyn/cm? DMAc equilib c=C, % ¢ =C, dyn/cm?
45E2 neat network 10.0 1.40 x 108 2.5% 5.46 1.25 x 108
45G2 neat network 7.5 1.27 X 108 2.27% 3.83 0.95 x 108
45F2 network + rodlike 7.5+ 25 0.815 x 108 8.19% of total 2.82/3.76 0.49 X 108
45H2 network + X's 75+ 25 0.332 x 108 10.09% of total 2.61/3.48 0.24 X 106
458 network + flexible 7.5+ 2.5 0.348 X 108 0.38% of total 3.61/4.81 0.24 X 108
45Q neat network 5.0 1.03 x 108 methanol sol very little 3.01 0.73 X 108
45N network + rodlike 5.0+ 5.0 0.0192 x 108 25.8% of total gels 2.62/5.24 0.014 X 108
45L network + X's 50+ 5.0 did not gel 100% soluble
45R network + flexible 5.0+ 5.0 0.199 X 108 0.69% of total 2.17/4.33 0.096 x 108
51C neat network 10.0 0.94 X 108 3.2% 4.39 0.48 x 108
a Explanations as in footnote for Table VI. Network 51C has /o = 52 A.
functional stiff branchpoints is o = 58 A. The other flex- A two-step analogue (51B) of the above was prepared
ible one-step network (51C) was prepared by the same by first reacting dodecanedioyl dichloride with 3,5-
procedure from 4:2:3 M dodecanedioic acid/3,5- diaminobenzoic acid and BABTMG under Schotten-
diaminobenzoic acid/BABTMG, producing the ideal- Baumann-type conditions to form a high-M linear poly-
ized structure VII having an average segment length of mer, VIII. Its intrinsic viscosity was 0.71 dL/g and its
lo =52 A. M., is estimated34 at around 50 000. In the second step,
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each mole of repeat units of the linear polymer was reacted
under Yamazaki conditions with 0.5 mol of Polacure to
form a gelled network. Its characteristics are given in
Table IX.

The flexible gelled networks 51B and 51C were pre-
pared under identical conditions: Yamazaki procedure
with the same amounts of DMAc/5% LiCl, pyridine, and
TPP in both instances, at identical temperature (108 °C)
and for identical residence time (3 h) after gelation. The
dramatic difference in modulus between the two sys-
tems indicates that the two-step network is fundamen-
tally different from the one-step network, even though
they are chemically identical and were cross-linked under
identical conditions. Similar differences are present also
between the higher modulus two-step rigid rodlike net-
works in Table IX and their one-step analogues in Table
VI. Interestingly, one-step and two-step networks pre-
pared at a similar concentration Cy appear to swell about
the same amount during equilibration in DMAc. It may
be that the swelling reflects gross average cross-link den-
sity and fails to recognize local variability.

For the rigid two-step gelled networks in Table IX, a
linear rigid chain was first prepared by a Schotten-Bau-
mann-type reaction (IX). The intrinsic viscosity of this
chain was measured to be [7] = 0.35 dL/g, resulting in
an estimated? M,, = 10000. In the second step these
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chains were reacted under Yamazaki conditions with the
appropriate amounts of DABA, in the presence or absence
of the rigid rodlike filler macromolecules, to produce a
highly cross-linked gelled rigid network, X. In this case
the network is characterized by two segmental lengths
present in about equal numbers, an average lo = 33.9A
and a fixed Iy = 19.5A.

The moduli of the as-prepared systems, at ¢ = Co, and
of the DMAc-equilibrated systems, at ¢ = C, are listed
in Tables VI, VIII, and IX, together with Co and C, and
the nature and weight percent of material extracted out
of the gelled networks during DMAc equilibration.

It is important to emphasize that all but one (51C) of
the gelled networks listed in Tables VI-VIII were trans-
parent, with no optical blemishes and, due to their color,
appeared as tinted glass. The clarity of the gels was
retained and on occasion improved (e.g., 51C, which
changed from transluscent to perfectly transparent) after
equilibration in DMAc. The high optical quality of the
network gels indicates that no microsyneresis on a scale
greater than about 1000 A in the networks themselves
took place and that the filler macromolecules do not phase
separate from the forming network gel to an extent that
haze or transluscence become detectable. The chemical
similarity of the fillers and networks obviously enhances
their mutual compatibility.
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Table IX
Modulus of Two-Step Network Gels2

modulus at % wt loss equilibrated modulus at
code description Co, % ¢ = Cy, dyn/cm? during DMAc equilib c=C, % ¢ =C, dyn/cm?
49A1 neat rigid network 10.0 4.48 X 108 methanol sol very little 7.04 2.58 x 108
49A2 neat rigid network 7.5 2.91 X 108 methanol sol very little 5.46 2.28 X 108
49A3 rigid network + rodlike filler 7.5+ 2.5 3.28 x 108 0.31% of total 5.03/6.70 2.87 X 108
51B neat flexible network 10.0 1.78 X 108 0.2% 5.72 0.95 x 106

s The rigid systems has /o = 33.9/19.5 A and the flexible one has I, = 52 A. All other explanations as in Table VI.

Wide-angle X-ray patterns were obtained from sev-
eral rigid and flexible, as-prepared and DMAc-equili-
brated gels. They exhibited only amorphous halos, indi-
cating that no detectable crystallinity was present in them.
To be detectable, crystallites of 35 A or more must be
present in volume fractions of 0.01 and over. This is not
surprising in light of the low network concentration in
the gels and the low degree of crystallinity expected, at
best, in gels where the segments are relatively short and
randomly distributed in space. Furthermore, it was found
that all rigid rodlike networks containing the nitrotere-
phthalic residue were amorphous in both swollen and fully
dried states.

Infrared spectra obtained as described above indi-
cated that the intensity of the 3400-cm~! band is very
small in the case of the linear rigid filler polyamide and
that its relative intensity increases substantially in the
chemically comparable rigid network. This indicates that
the shorter the segment between branchpoints the poorer
the chains can pack and the smaller the fraction of seg-
ment—segment H bonds. Additional IR studies3® on rigid
networks with varying segment length led to the same
conclusion.

When the solvent in the one-step rigid network gels
was removed and the networks were fully dried, many of
them were very ramified and others appeared under the
microscope to be highly corrugated and craggy. We have
noted that the corresponding gels showed a propensity
to crack when prepared at concentrations right above C*,
and during relatively rapid changes in temperature for
all Cp > C*;. We believe that both these observations
suggest an internal inhomogeneity of the gels, even though
they appear optically to be blemishless and the gels
behaved as uniform isotropic gels in all tests. Dried small
particles collected from one-step preparations too dilute
to form self-supporting “infinite” network gels appeared
under the optical microscope to be highly ramified at all
observable length scales. This is in agreement with the
SEM observations typified by Figure 10A,B.

To quantify the porosity of bone-dry rigid rodlike net-
works, we elected to study a representative one, namely,
45XC. The material was prepared by chopping the gelled
network in a blender, followed by careful sol extraction,
washing in methanol, and, finally, thorough drying at 120
°C under high vacuum. It was measured by three tech-
niques sensitive to smaller and smaller pores. Conven-
tional pycnometry in CCly/hexanes resulted in density,
d, 0f 0.962 g/cm3. Mercury porosimetry yielded d = 1.277
g/cm8 This technique is capable of detecting pores as
small as 36 A under the pressures used in this study. We
elected to count all pores smaller than 10 000 A. This
pore-size interval, 36-10 000 A, gave 9.9% pore volume.
The third technique is helium pycnometry, which is sen-
sitive to pores smaller than 36 A in diameter. It gave a
density of d = 1.411 g/cm? and 8.6% pore volume. We
find, hence, that for pores smaller than 10 000 A, the total
pore volume is 18.5%. The density of the dry 45XC par-
ticles as measured by mercury porosimetry prior to the
aplication of pressure was 0.898 g/cm3, a reasonable value

considering that the surface energy of mercury is higher
than that of the organic mixture employed in the con-
ventional pycnometry. From the added weight of the
45X C particles, an organic liquid accessible void frac-
tion of 46% measured. A plot of density versus percent
pore volume for the three techniques (d = 1.411 g/cm3/
8.6%; d = 1.277 g/cm?®/18.5%; d = 0.962 g/cm?3/46%)
defines a straight line (not shown here), which extrapo-
lates to d = 1.51 g/cm?3 at zero pore volume. Such high
density is very close to that of 100% crystalline un-cross-
linked oligomeric linear aromatic polyamides, whose aver-
age density, d = 1.48 g/cm3, was measured by conven-
tional pycnometry3® and is in close proximity to the crys-
tallographically expected density of 1.53 g/cm3,35 Recalling
that WAXD showed sample 45XC to be fully amor-
phous, we reach the conclusion that helium does pene-
trate into the amorphous phase of the highly branched
45X C material and may not penetrate the crystalline phase
of the linear analogue. The density difference of 1.53 -
1.41 = 0.12 g/cm? reflects the dilatation of the poly-
meric material upon going from the fully crystalline to
the fully amorphous phase, plus the contribution of pores
smaller than 36 A in diameter. Recalling that the aver-
age segment length in 45XC is 38.5 A, such pore sizes
appear to be smaller than the length of a single rigid seg-
ment.

{c) Filler Macromolecules. Four filler substances
were prepared, three of them polymeric and one a mon-
odisperse oligomer with four aromatic rings per mole-
cule. A linear rigid macromolecule was prepared from
DABA and nitroterephthalic acid (NTPA) (XI). The sec-
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ond macromolecular filler has an idealized X shape with
each arm averaging eight aromatic rings in length. It
was prepared in two steps. In the first, a Schotten-Bau-
mann-type reaction was used to prepare the rigid tet-
rafunctional core XII.
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Figure 11. log-log plot of radii of polyamides of differing rigid-
ity and branching as a function of M. Power laws marked
near each straight line. (A) Rigid rodlike linear poly(p-benza-
nilide terephthalamide) (PBT), Rgvisc. (+) Poly(e-caprolac-
tam), Rgvisc. (@) 45X series and 59E branched rigid fractals,
Ry. (3) Boc-poly(a,e-L-lysine), flexible, branched, Ry and Rgvise.

After workup and purification, this product was reacted
in a Yamazaki procedure with a 32-fold molar amount
of p-aminobenzoic acid. The p-aminobenzoic acid was
added to the reaction mixture in very small increments
over several hours, to maximize the chances of creating
X’s and to minimize the formation of linear poly(p-ben-
zamide). The idealized shape of the product is XIII. A
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flexible linear macromolecule was prepared from
BABTMG and dimer acid (XIV).

The short monodisperse oligomer was prepared by
Yamazaki procedure from m-nitrobenzoic acid and DABA
(XV). This material melts and decomposes at 350 °C.
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Intrinsic viscosity and light scattering measurements
for the rodlike filler macromolecules were [7] = 0.83 dL/g
and M,, = 12700. These values are in fair agreement
with expectation.3® The intrinsic viscosity of the flexi-
ble filler macromolecule, [7] = 0.40 dL/g, results in an
estimated34 molecular weight of My, ~ 20 000. For the
X-shaped filler macromolecules, values of [7] = 0.224 dL /g
and M,, = 10000 were measured. Assuming strict lin-
earity, the molecular weight calculated from viscosity3®
is supposed to be only 2200. The discrepancy between
the actual and calculated My, clearly indicates that the
X-shaped macromolecules are branched and not linear.

The molecular weight of the rodlike macromolecules
corresponds to a weight-average degree of polymeriza-
tion (DP) of 106. Allowing 6.5 A per aromatic ring with
a para-amide group, this results in a weight-average length
of 690 A. Our past experience teaches us that for these
polyamides, prepared under the Yamazaki conditions,

My/M, = 1.75 £ 0.1. This leads to a number-average
estimate of L = 390 A, L being the end-to-end length of
the macromolecule. Branched macromolecules produce
larger polydispersity, and for the size calculation of the
rigid X’s, we adopt M,/ M, = 2 as a good estimate. From
the measured M, we calculate a number-average DP of
38 in addition to the tetrafunctional nucleus. This is rea-
sonably close to the DP = 32 expected from the mono-
mer charge. The difference may reflect a deviation from
M /M, = 2. The value of DP = 38 results in L ~ 140 A
The length of the monodisperse oligomer is about 24 A.
Based on molecular weight per repeat unit of 843, one
obtains for the flexible filler macromolecules a weight-
average DP of about 24, and an estimated number-aver-
age DP of 12. The calculated chain length per repeat
unit is about 46 A, resulting in number-average L = 550
A. The flexible filler macromolecules are supposed to
be randomly coiled. Because of the high backbone flex-
ibility, a freely jointed Gaussian chain behavior is ex-
pected:2¢

R, = UN/8)'? (7)

Here, R, is the Gaussian radius of gyration, ! is the length

of a Kuhn segment, and N is the number of such seg-

ments per chain. In our case, eq 7 leads to Rgg = 65
Plots of reduced viscosity against concentration (not

o o
Il I
HoN €—0—CH,%~0—C NH; + HOOC—{CHp#{{CH,97-COOH ——

BABTMG

(o]

dimer acid

1O

xcuz CHar
| i
“O—('CHz')—O——C—@—N—C—{CHzp CHZ-)—C—N



2546 Aharoni et al.

reproduced here) indicate that for all filler polymers used
in this study, the dilute solution regime extends to beyond
2.5% concentration and that at 5% the polymers with
the exception of the monodisperse oligomer are in the
semidilute regime. Thus, the filler macromolecules are
never in the concentrated regime when they are in the
process of incorporation into the evolving “infinite” net-
work gels.

Discussion

The information in the Results section strongly sup-
ports a fractal nature of the one-step rigid rodlike highly
branched macromolecules in their pregel state and a sig-
nificant retention of this nature in the gelled “infinite”
network. Below, we shall briefly indicate the consis-
tency of various results with the fractal model, first in
the pregel and then in the postgel state.

(a) Fractal Nature of One-Step Rigid Rodlike
Branched Macromolecules in Their Pregel State. In
Figure 1 the increasing viscosity of the growing branched
rigid macromolecules is plotted against time in a log-log
plot. When the viscosity, or the reduced viscosity, is plot-
ted against time on semilog paper, as was shown by Aha-
roni and Edwards,2° the data points fall on one or two
straight lines for all rigid or semirigid polymers. A flex-
ible branched polymer required three straight lines to
fit the pregel data. The above linearity of the growth
kinetics of the branched rigid macromolecules in semilog
plots is one of the criteria3? for fractal growth. In Fig-
ure 2 the changes in viscosity are plotted on log-log paper
against (¢tc — t)/t. for three rigid systems and one flexi-
ble system. The slopes of the straight lines through the
kinetic data points define a critical exponent for viscos-
ity, k. For the rigid systems in their pregel state, k is
0.52, 0.76, and 0.97. For the flexible system k = 1.85.
From the theoretical point of view, it does not matter
much whether the viscosity or the intrinsic viscosity is
used,?” a fact that allows us to compare our results with
the available literature (where s is occasionally used instead
of ). Adam et al.3® determined for a flexible system a
value of £ = 0.78 £ 0.04, which is pretty close to a pre-
diction by de Gennes3? of k ~ 0.75, based on a three-di-
mensional percolation theory analogy to superconductiv-
ity. For epoxies, Martin et al.#® obtained £ = 1.4 £ 0.2
and on silica gel £ = 1.5 =+ 0.2 was obtained*! by light
scattering. Using the Rouse model approximation, the
same percolation theory predicts £ = 1.3 and with the
Zimm model approximation a value of & = 0 is predicted.3’
A value of 1.7 for k& was recently proposed by Hess and
associates.®2 The theories are only reliable in simple clean
experimental specifications, so we are only left with the
knowledge that percolation theories predict a power depen-
dence of the viscosity of the growing particles on poly-
merization time up to the gel point and that our systems
are in qualitative agreement with these theories.

The intrinsic viscosity of our series 45X showed a depen-
dence on M, to the power of 0.419. The hydrodynamic
radius dependence on M, was found to follow a 0.487
power. According to Muthukumar,*? at low frequencies
in the dilute solution regime, the intrinsic viscosity of
polymeric fractals is proportional to M@-D9/Dt where d
is the Euclidean dimensions, d = 3 in our case, and Dy is
the fractal dimensionality. Our value of [7] « MO0419 leads
to

D, =211 (8)

The radius of the growing fractal is related to its molec-
ular weight as*®*4

RPt o M (9)
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and our value of R « M,%4%7 translates to R2953 « M,
with

D, = 2.053 (10)

It must be emphasized that our one-step highly branched
rigid macromolecules were studied in pure DMAc and
DMAc/5% LiCl, excellent solvents for these systems, so
that there exists no similarity to © or poorer conditions
occasioned in the case of linear polymers with such small
power dependencies. A better perspective on the situa-
tion may be gained from Figure 11. Here are plotted on
log-log paper hydrodynamic radii and radii of gyration
of several polyamides against their M. All measure-
ments were conducted in very good solvents for the respec-
tive polymers and no polyelectrolyte effects were present.
Except for the results of series 456X and sample 59E in
the present work, all data were taken from previous works
by Aharoni and associates.3545-47 The rigid linear poly-
{p-benzanilide terephthalamide) (PBT) exhibited a depen-
dence of the radius on M,, to the power of 0.81. The
flexible linear polyamide poly(e-caprolactam) shows a power
dependence of 0.70, within the range of expectations for
normal linear polymers in good solvent. The densely glob-
ular Boc-poly(a,e-L-lysine), in which each monomer is tri-
functional yet flexible, follows a power dependence of
0.35. This is very close to the power of 0.33 expected
from dense spheres. Our fractals follow a dependence of
0.49. From the above it is obvious that, despite the fact
that good solvent quality is maintained throughout, the
decreased power dependence of the radii on M, reflects
the increased branching and relative compactness of the
polyamides.

From Table III one gathers that the Ry for series 45X
and 59E rest about halfway between the values calcu-
lated according to the free-draining and nondraining mod-
els. Ry is very much smaller than the Gaussian Rg, or
the Rgvisc calculated from viscosity measurements as shown
in ref 24. These results indicate that the highly branched
rigid macromolecules are substantially porous on the scale
of common organic solvent molecules. This conclusion
is consistent with the values of D; obtained from solu-
tion properties being substantially smaller than the cor-
responding values obtained, in Table V, from the slopes
of the scattered X-ray intensity of the 1:2 pastes of 45X
plotted against g. The above leads us to a picture of our
one-step rigid highly branched macromolecules that, we
believe, is consistent with all our observations. A two-
dimensional representation of the one-step rigid macro-
molecules in their pregel state is shown in Figure 12. The
macromolecule is characterized by a segment length of
38.5 A between its stiff trifunctional branchpoints. In
terms of series 45X or 59E, its number-average molecu-
lar weight is around 68 000. The small spherical macro-
molecule stands for Boc-poly(a,e-L-lysine) of compara-
ble molecular weight drawn on the same scale. The dark
dot in the figure stands for a solvent molecule about 5 A
in diameter. The fractal nature of our one-step rigid mac-
romolecules together with their porosity to small mole-
cules is obvious. The compactness and impermeability
to solvent of the Boc-poly(a,e-L-lysine) globular mole-
cules are now just as obvious. The high porosity to small
molecules of our rigid fractals explains, we believe, the
highly draining nature of these macromolecules in dilute
solution and the porosity of the dried network to pene-
trants such as helium and pressurized mercury. Sample
45XB clearly demonstrates the open nature of our rigid
fractals in dilute solution. From the volume inscribed
by a hydrodynamic sphere with Ry = 120 A and M,, =
410 000, one calculates that the branched macromole-
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Figure 12. Two-dimensional representation of a rigid rodlike
fractal with lo = 38.5 A and stiff trifunctional branchpoints.
The smaller sphere represents a Boc-poly(a,e-L-lysine) macro-
molecule of the same molecular weight drawn to the same scale.
'51‘13:3 dot stands for a solvent molecule with a diameter of about

cule fills only 9.4% of a sphere with said radius. When
M, = 47 650 is used, the volume filled by the macromo-
lecular matter reduces to 1.09%. Such low volume frac-
tions are typical of all our rigid fractals.

It has been shown by Stockmayer4® and Flory® that
M., of branched polymers increases slowly and more or
less linearly, while M,, increases exponentially. In their
case, intramolecular cyclization was neglected. Our rigid
highly branched macromolecules appear as Cayley trees
in which, due to branchpoint stiffness and segmental rigid-
ity, intramolecular cyclization is highly unlikely. There-
fore, our rigid fractals should follow the molecular weight
distributions proposed by Stockmayer and Flory better
than in the flexible systems that they were studying.
Similar relationships were proposed to describe polymer
fractals.#® Proportionality (5) above gives us, hence, a
reasonable approximation of the power law by which M,
changes as the condensation reaction progresses toward
gelation.

The SAXS intensity data are, of course, most interest-
ing. The slopes of I(g) versus g for all the samples pro-
duce scattering exponents in the range 3-4. This implies
that in the dry as well as in the solvent-swollen state we
are looking at a “surface fractal” behavior where a power
dependence of

I(g) « ¢, 2<D, <3 5))

is expected. The value of D, increases from exactly 2 for
a smooth spherical surface separating two well-defined
densities and approaches 3 for an extremely ramified and
corrugated interface. Such an increase may be reflected
in the changes in D, observed in Table V, from closer to
2 for the dry samples to closer to 3 for the solvent-swol-
len ones.

The above SAXS results clearly reflect a fractal behav-
ior of the one-step, rigid rodlike, highly branched mac-
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romolecules. This behavior is observed both in concen-
trated solution and in the dry state. These results are
consistent with an increasing body of literature results
of light, X-ray, and neutron scattering from fractal ob-
jects.22:23,25-28,50-52 Tmportantly, the scattering results of
sample 45XD indicate that the fractal nature of the sys-
tem carries from the pregel to the postgel state in both
dry and solvated states.

In this context it is worthwhile mentioning that the
intensities of SAXS from Boc-poly(a,e-L-lysine) mea-
sured by Aharoni and Murthy*® produced slopes of 4 or
more when plotted (uncorrected) on log-log paper against
g. This clearly differentiates between the densely packed
smooth-surfaced Boc-poly(a,e-L-lysine) and the highly ram-
ified and porous rigid fractals as in series 45X and 59.

The information obtained from light scattering and PCS
experiments, SAXS intensity and segmental-tip iodine
decoration, and titrations combine together to clearly reveal
the fractal nature of our pregel, one-step, rigid rodlike,
highly branched polymeric particles. The viscosity behav-
ior of our systems, the kinetics of particle growth, and
the direct observation of the dried systems by SEM all
lend additional support to a fit with the polymeric frac-
tal model.

(b) The Nature of One-Step Rigid Rodlike Net-
works in Their Postgel State and a Comparison with
Two-Step Analogues. Thus far the growing rigid poly-
meric fractals were described either in a good low molec-
ular weight (low-M) solvent or in a bone-dry state. Another
way to probe the nature of the growing polymeric parti-
cles as they connect and form an “infinite” network is to
incorporate in the reaction mixture un-cross-linkable high
molecular weight (high-M) macromolecules, otherwise
chemically and structurally similar to the network, and
then study their effects on the formed network gel.

A glance, in Tables VI, VII, VIII, and IX indicates that
within each one-step and two-step family the modulus
of the neat gelled networks increases with the concentra-
tion of network material in the gel. This pattern holds
for both the as-prepared gels, at ¢ = Cy, and the DMAc-
equilibrated ones, at ¢ = C. The increase of the modu-
lus, G, with network concentration is according to expec-
tations, but the power dependence of G on ¢ appears to
be significantly smaller than the power of ~2.2 pre-
dicted in the literature53-56 for flexible networks. We have
insufficient data at present to obtain a better estimate
of the power dependence. It appears, however, to be sub-
stantially smaller than was found by Aharoni and
Edwards2® for other gels of rigid networks. This small
power dependence appears to be associated with rather
high modulus values. That is, the modulus of the vari-
ous neat networks starts rather high and does not decrease
with dilution as much as it had dropped in the previous
work.20 The amount of soluble polymeric material
extracted during equilibration of all neat networks in
DMAc was much smaller in this study than the sol frac-
tion in ref 20. We believe that both observations reflect
the fact that in the present study the segmental length
between branchpoints is usually shorter and that cross-
links between fractals may be more numerous than in
the previous work.2® It may be that the slightly higher
polymerization temperature in the present study contrib-
uted to higher cross-link efficiency. If this is indeed the
case, then it is a clear indication of the sensitivity of the
condensation reaction, and the resulting modulus and other
gel properties, to apparently minor alterations in the reac-
tion conditions before and after gelation took place.5”

The most important observation one gleans from Tables
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VI, VIII, and IX is that the presence of high-M filler
macromolecules in one-step networks reduces the lat-
ter’'s modulus relative to the corresponding neat net-
works, and, conversely, the presence of the same filler
molecules increases the modulus of comparable two-step
networks. In all instances in this study, the modulus reduc-
tion was consistently observed in one-step rigid and flex-
ible networks, with the filler macromolecules being rod-
like, rigid X's or flexible. In fact, in the case of the one-
step flexible networks, the presence of an equal amount
of filler macromolecules reduced the modulus by orders
of magnitude and, in one instance, even prevented gela-
tion from taking place. This is a clear indication of the
disruptive effect of the filler macromolecules on the abil-
ity to form macroscopic networks and on their homoge-
neity. Most importantly, however, the presence of com-
parable amounts of the monodisperse oligomer in the reac-
tion medium of the one-step rigid network 48C, essentially
chemically identical with the rodlike high-M filler mac-
romolecules in 456D2, had practically no effect on the mod-
ulus of the as-prepared and DMAc-equilibrated gelled
networks. The addition of the appropriate amounts of
monomers to balance for the possible nonstoichiometry
caused by the chain ends of high-M filler macromole-
cules, repeated several times, had no effect whatsoever
on the properties of the resulting gels or on the reaction
and gelation kinetics. Extensive previous work on these
and similar systems?4:34:35,58-61 teaches us that no trans-
amidation between the preformed filler and the growing
network may take place under the reaction conditions
used in this work. All the above leads us to conclude
that the reduction in modulus is due to the size of the
filler macromolecules. As long as there exists a reason-
able compatibility between network and filler and no phase
separation occurs, the large filler macromolecules induce
a disruptive influence during the one-step formation of
macroscopic networks and on their molecular level uni-
formity. The absence of an effect from the oligomer indi-
cates, we believe, that by themselves filler-network inter-
actions, such as dipolar interactions or hydrogen bond-
ing directly between chains or through solvent molecules,
cause no significant effect on the behavior of the filler-
containing networks.

The reinforcing effect of the high-M macromolecular
filler in the two-step rigid network gel, albeit small, indi-
cates that when the network is formed from preexisting
high-M chains with multiple cross-links per chain, it is
insensitive to the existence of high-M filler in the reac-
tion mixture: the high-M filler macromolecules do not
disrupt significantly the formation of a network from pre-
existing high-M chains and a low-M cross-linking agent.
In the case of flexible systems, theory predicts'® that
un-cross-linked macromolecules entangled with the cross-
linked network increase the equilibrium modulus of the
ensemble in proportion with the concentration of the chains
between entanglements. Furthermore, it must be borne
in mind that the above insensitivity to the presence of
filler macromolecules may be substantially affected by
the concentration of available branchpoints along each
cross-linkable linear chain. In our case the distance
between branchpoints along the rigid chains averaged to
33.9 A, a rather high potential cross-link concentration.

The process of network formation must be under-
stood in order to explain the difference in the response
to the presence of filler macromolecules of the one-step
and two-step networks and the relatively high modulus
of the latter. Here, we refer back to Tables I and II,
listing relevant members of series 45X and 59, respec-
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tively, Table VII comparing networks prepared from mono-
mers and from fractals alone, and Figure 8 and its text
in the Results section. In light of all these, and consis-
tent with all other results in this study, we picture the
evolving one-step rigid network as follows: polymeric mul-
tifunctional nuclei germinate at random throughout the
reaction medium. The additon of monomers to these
nuclei builds up highly branched polymeric fractals that
gradually grow in number and size, concomitantly link-
ing up and forming clusters. The linkup may occur directly
between fractals or with the aid of monomeric or oligo-
meric species bridging them. Up to a length probably
limited by the ability of the network to support the weight
of the occluded solvent, the longer the segments the lower
is the critical concentration C*, above which an “infi-
nite” network is formed. Gelation occurs when a suffi-
cient number of fractals and fractal clusters come in con-
tact with one another to form an “infinite” cluster in which
contiguous fractals traverse the gel from one end to the
other. Upon impingement, some covalent bonds are
formed between fractals, and some segmental interpen-
etration ensues. Concurrently, fractals and clusters that
are not an integral part of the network grow either inter-
penetrated with the network segments or nestled in and
occluded by the “infinite” network.

The length of the rigid filler macromolecules is far greater
than the size of the whole growing fractal, while the size
of the rigid X’s and flexible filler polymers are of the
same order of magnitude as the fractals. It is possible
that the thermodynamics of the solution of fractals plus
fillers is such as to encourage a phase separation as the
fractals increase in size. In that case, the filler macro-
molecules may be rejected by the growing fractals and
be driven ahead of the growth fronts, away from the frac-
tal cores. When two such fronts meet, the filler macro-
molecules remain stuck in between the two impinging
fractals. By their mere presence they interfere with the
creation of covalent bonds between the fractals, with seg-
mental growth in the interfacial region and with interfa-
cial segment interpenetration. We believe this to be the
reason for the weakening of the one-step network by the
presence of high-M filler molecules. Conversely, because
the size of the monodisperse oligomers is smaller than
that of the networks’ segments, thermodynamics may not
favor phase separation. The oligomers may then be eas-
ily accommodated within the intersegmental pores with
their presence essentially unfelt and may cause no inter-
ference to the formation of covalent or other bonds.

The results discussed thus far are consistent with a
fractal nature of the one-step rigid branched polymers
in the pregel state. In our case, some aspects of the frac-
tal nature are retained by the postgel network while oth-
ers fade away and are overshadowed by the macroscopic
behavior of the “infinite” network gel.

Morphologically, the two-step networks appear to be
fundamentally different from the one-step ones. In the
two-step case, the filler macromolecules in the reaction
mixture are surrounded by cross-linkable macromole-
cules of comparable size. Once cross-linking occurs, the
filler macromolecules remain trapped in their place. They
are not being pushed ahead of any growth front simply
because such fronts do not exist on the scale of the filler
macromolecule. Furthermore, unlike the one-step case,
a relatively very small number of cross-linking reactions
are sufficient to create an “infinite” network in the sec-
ond step of the two-step network. This also serves to
immobilize the filler macromolecules. It is conceivable
that the two-step network may be described in terms of
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polymeric fractals, but we believe this is unlikely. If it
does occur, then the size of the two-step fractals and the
length of their arms during the cross-linking stage will
be much larger than the corresponding sizes in the one-
step systems. In fact, describing the two-step systems,
especially the rigid rodlike ones, as cross-linked sheaf-
like seems to us more appropriate.

The nature of the two-step gelled networks is deter-
mined by their cross-linking reaction. In our case, we
have long polymeric chains in concentrated or semicon-
centrated solution, having many cross-linkable sites fixed
along each chain at rather short distances. For example,
there are about 50 such sites per each linear precursor
chain of 51B. The cross-linking agent is difunctional and
initially is uniformly distributed in solution. Because of
the length of the original chains, several small cross-
linking molecules may be concomitantly attached to each
chain. When only one of these small molecules reacts at
both its ends, a cross-link is formed. Because of the con-
centration during the formation of our two-step net-
works, it is not very favored that cross-links will prefer-
entially concentrate along relatively short chain lengths
to form small regions intensively cross-linked inter-
spersed with regions of low or no cross-link density. We
believe that some local variations in cross-link density
may exist, but in the case of the two-step cross-linked
sheaflike networks these variations are not expected to
be large. Naturally, when the network is swollen in a
good solvent, the dilute cross-link regions swell more than
the dense cross-link regions, magnifying the difference
between them.62 Finally, it is important to recognize that,
unlike our two-step systems, networks made exclusively
by end-linking flexible chains are expected to pass through
a fractal stage prior to gelation.42
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