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The understanding of macromolecular structures and interactions is important but difficult, due to
the facts that a macromolecules are of versatile conformations and aggregate states, which vary with
environmental conditions and histories. In this work two polyamides with parallel or anti-parallel
dipoles along the linear backbone, named as ABAB (parallel) and AABB (anti-parallel) have been
studied. By using a combination of methods, the phase behaviors of the polymers during the aggregate
and gelation, i.e., the forming or dissociation processes of nuclei and fibril, cluster of fibrils, and
cluster-cluster aggregation have been revealed. Such abundant phase behaviors are dominated by the
inter-chain interactions, including dispersion, polarity and hydrogen bonding, and correlatd with the
solubility parameters of solvents, the temperature, and the polymer concentration. The results of X-ray
diffraction and fast-mode dielectric relaxation indicate that AABB possesses more rigid conformation
: than ABAB, and because of that AABB aggregates are of long fibers while ABAB is of hairy fibril clusters,
. the gelation concentration in toluene is 1 w/v% for AABB, lower than the 3 w/v% for ABAB.

Aggregation and gelation of macromolecules are universal and crucial critical phenomena. Aggregation is a kind
of spontaneous behavior that produces orders of a system, including crystallization, adsorption, micro- or meso-
phase transition and phase separation. It is based on the collective and cooperative non-covalent interactions of
molecules, helping us in understanding the highly ordered assembly and immigration phenomena occurred in
polymeric materials, and illuminating to fabricate new materials or devices with unique functions. For examples,
the aggregation of conjugated polymers or oligomers greatly influences the optical and/or electrical properties
of the opto-electronic devices'=3, and the aggregate of amyloidogenic protein/peptide attributes to the cause of
many transmissible neurogenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s*™S, although the
mechanism and kinetics of these chain misfolding, nucleation and aggregation remains largely unknown. Gel is
. asolid polymer network spanning in the volume of a liquid medium, and the network of a gel is formed through
. the aggregation of polymer chains or clusters”®.

If aggregation or gelation is studied, the intermolecular interaction is inevitably considered. There are usually
two ways to understand such phase behaviors. One is from the view of statistical thermodynamics, the driven
force of self-assembly comes from the entropy or enthalpy gain or loss. The other is from microscopic level that
assembly behavior is usually associated with the intermolecular interactions. The non-covalent inter- or intra-
molecular interactions are usually divided into two groups, one is the Columbic force between ions, the other
is van der Waals force between dipoles or induced dipoles, both are modified with temperature and medium.
Hydrogen bond is usually considered as a unique van der Waals force, it is an electrostatic dipolar-dipolar attrac-
tion, but not a covalent bond as termed”!°. It possesses some features of the covalent bonding, stronger than van
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Figure 1. Schematic structures of (a) ABAB with parallel dipoles along the backbone, (b) AABB with
anti-parallel dipoles along the backbone. It shows in (c) the chemical structure of the monomer furnishing
dipolar moment.

der Waals force, and with directional and limited interaction partner. For a long period, it is difficult to distin-
guish H bonding from the van der Waals forces, including the intrinsic dipolar interaction or the thermally acti-
vated induced dipolar interactions. The quantitative description of the dynamics of molecule shall be considered
too, because the reversible non-covalent interaction, with the observable characteristic time of 107°~10?s and the
Arrhenius life time of 40-80k]J/mol"!, is much larger than the thermal energy.

To develop the understanding of the microscopic mechanism of aggregation and gelation of macromolecules
and the relevant intermolecular interactions, we characterized two aromatic polyamides with same polar mon-
omer unit, but the dipoles aligned along the backbone are either parallel or anti-parallel, the former is termed as
ABAB while the latter is termed as AABB, as shown in Fig. 1. We have visually observed clouding and gelation
for both ABAB and AABB in toluene with decreasing the temperature from 80 °C to 20 °C. ABAB demonstrates
the clouding point at 60 °C while AABB at 40 °C. The gelation concentrations at r.t. for ABAB and AABB are ca.
3 w/v% and 1w/v% respectively. We have used differential scanning calorimetry (DSC), transmission electron
telescope (TEM) and dielectric relaxation spectroscopy to illuminate the microscopic morphology and dynamics
in the processes of aggregation and gelation, focusing on the effect of structural difference in dipolar segmental
alignment and orientation, as well as the effect of solvent and temperature, on the aggregation and gelation. We
intend to find out the intermolecular interactions dominating in the transition processes. Namely, we would
define and describe the size and morphology of the aggregate, the gelation temperature (at constant concen-
tration) or gelation concentration (at constant temperature), the kinetics of aggregation and gelation, and the
activation energy involved.

Experimental

Materials and Preparation. The synthesis of the ABAB and AABB is normally the polycondensation of
polyamides!>!>. The monomers of ABAB were synthesized by following the literatures'#”. The diamine mon-
omers of AABB (monomer-1) and the dicarboxylic acids monomers of AABB (monomer-2) were prepared
through the principles in published works!®!?. The FTIR spectra of the monomers and polymers of ABAB and
AABB have been shown in the supplementary information.

Characterizations. The infrared spectra were taken by a Tensor 27 Fourier Transform Infrared Spectrometer
(FTIR, Bruker, Germany). Samples were ground, mixed with potassium bromide with weight concentration about
2-3%, and compressed to pellets for testing. Proton nuclear magnetic resonance ("H NMR) with an AVANCE 400
spectrometer (Bruker, Germany) was used to verify the prepared polymers, and chloroform-d was used as the
solvent. The morphology of ABAB and AABB was observed by using transmission electron microscopes (TEM,
JEM-2100F, JOEL, Japan). The samples were prepared with toluene solution of ABAB and AABB (0.01 wt. %)
dripped onto the copper grid (400 mesh) coated with carbon film, after thermally treated at temperatures of 60 °C,
40°C and 20°C respectively.

The sedimentation coefficient and molar mass were measured via the sedimentation velocity experiments con-
ducted on a Proteomelab XL-A analytical ultracentrifuge (Beckman Coulter Instruments) at 20 °C with an An-60
Ti rotor at the rotational speed of 56 000 rpm. The moving boundary was monitored by repetitive radial scanning
at a constant step size of 0.003 cm at 300 nm by using a UV absorption optical system. Sedimentation velocity data
were analyzed and simulated by using the software SEDFIT (National Institutes of Health, Bethesda, MD). The
continuous c(s) distribution model with maximum entropy regulation was used to obtain s, R, and M,,, and M,
was obtained by c(s, ff0) model. The detailed principle of AUC can be found elsewhere?*-22,

The differential thermal analysis was performed with a high sensitive differential scanning calorimetry,
VP-DSC, Microcal Co., USA. The sensitivity of VP-DSC is 0.2 pW and the resolution is 0.02 jcal/s. It can precisely
detect the thermal flow of a solid or liquid sample at a constant temperature. Because there is a pressure pertur-
bation accesory attached to VP-DSC, the liquid or solution samples can be measured too. The samples of ABAB
and AABB in toluene were annealed at 80 °C, either fast cooled at a rate of 5°C/min or slow cooled at 1.5°C/min,
the endothermic curves were recorded during the heating process at heating rate of 1.5 °C/min from 5°C to 90°C.

The X-ray diffraction (XRD) characterizations were estimated by a 12kW rotating-anode X-ray generator
(D/max 2500/PC, Rigaku) operated at 150 mA and 40kV. The samples were dried gel films from toluene solution
of ABAB and AABB, casted onto the glass plate layer by layer. Particle sizer (Zetasizer Nano ZS90) from Malvern
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Figure 2. The '"H NMR spectra of (a) ABAB and (b) AABB in chloroform-d.

based on the dynamic LLS principle is used to estimate the size distribution of the polymer aggregate at the scat-
tering angle of 90 °.

Sol or gel samples with different concentration in toluene were tested to characterize their dielectric and elec-
tric behaviors at temperature range from 5 °C to 80 °C and frequency range from 102 to 20 MHz. A broadband
dielectric spectrometer (Novocontrol BDS40) was used with a ZGS extension test interface. The applied filed is
AC voltage 1.5 Vrms, namely electric filed 750 Vrms/m when the sample cell with thickness of 2 mm was used.
The temperature is adjusted with a temperature-control water bath and circulating system with range of 0-60°C
and accuracy of £0.05°C.

Results and Discussion

The experimental "H NMR spectra of the two polymers o ABAB and AABB, which have been taken in the sol-
vent of chloroform-d (CDCL;) in the concentration of 1%, are shown in Fig. 2. The chemical structures of ABAB
and AABB have been drawn and the chemical shifts of the protons in the polymers have been predicted with
ChemDraw and MestReNova, the predicted data has been shown in the supplementary information. The exper-
imental spectra is in good agreement with the predicted in both the chemical shifts and the integral numbers of
protons.

The analytical ultracentrifuge (AUC) has been used to study the sedimentation velocity (SV) of the two pol-
ymers in THF with the concentration of 1.0 mg/ml, to determine the molecular weight of the prepared ABAB
and AABB. The principle and original data have been provided in the supplementary information. From the SV
test, the sedimentary coefficient (s), the hydrodynamic radius (r) and the weight average molecular weight (Mw)
have been shown in Fig. 3. From the simulation of c(s, ff0) model the weight-average molecular weight (Mw), The
number-average molecular weight (Mn), degree of polymerization (DP), and the polydispersity index (Mw/Mn)
have been obtained and listed in Table 1.

It has been observed that the polymers can dissolve in solvents of THF, DMSO, and chloroform, but par-
tially dissolve and produce cloudy solvents in toluene, nitrobenzene, styrene et al. If polymer concentration
is high enough, “gelation” appears in those solvents, because polymer chains have self-organized to form a
three-dimensional network and solvent molecules are trapped inside**?*. Table 2 shows the solubility and gelation
concentration of the polymers of ABAB and AABB in the organic solvents.

The solubility of a polymer in a solvent will be determined by their difference in solubility parameters, the
less the difference, the higher the solubility. According to Hansen's pioneering work (1967, 1969), the solubility
parameter 6 of either a polymer or a solvents composed of three parts, namely, &= 8,>4- 8,2+ 8%, where § is the
Hildebrandt solubility parameter, 84 represents the part of dispersion forces (van der Waals force), 8, is the part
due to dipolar forces, and &y is the contribution of hydrogen bonding and other donor-acceptor interactions. To
predict whether a polymer can be dissolved in a solvent, the sum of the square of the difference in each kind of
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Figure 3. The sedimentation velocity distribution calculated from a SV experiment and Lamm equation
analyzed by the c(s) model, for ABAB and AABB in THF.

ABAB 6320 11 4110 1.5
AABB 4890 4 3740 1.3

Table 1. The average molecular weights and polydispersity index of ABAB and AABB determined by AUC.

THF soluble soluble 8.21 2.79 391
DMSO soluble soluble 9.00 8.02 4.99
CHCly soluble soluble 8.80 1.52 2.59
Toluene gel-3% gel-1% 8.80 0.68 0.98
Nitrobenzene gel-2% gel-5% 9.78 4.2 2.00
Styrene gel-3% gel-2.5% 9.07 0.49 2.00

Table 2. The solubility and gelation concentration of ABAB and AABB in organic solvents, the solubility
parameters of the solvents are listed.

solubility parameters of the polymer and the solvent shall be calculated, the less the sum, the more the polymer
will dissolve in the solvent. Comparing the solubility parameters of THF and toluene, the §, are almost the same,
but the 6, and &y for THF are higher than those of toluene, we assume the polar and H-bonding interactions
between the solvent and the polymer is higher, so that the polymers can dissolve better in THF than in toluene.

We have estimated the three solubility parameters, &4, 8, and &y; for the polymers too, by considering the
contributions of molar attractive force of each functional group of the polymers?. The solubility parameters &g,
8, and &y have been derived from the dispersion and polar factors of the attraction constants (Fy, F,), and the H
bond energy constant (Ey) respectively, as shown in Equations 1-3. In the equations v is the molar volume. The
estimation details can be found in the supplementary information. The dispersion and H bonding parameters, 8.9
and 2.1 Cal®®cm ™17, are the same for ABAB and AABB, but the polarity parameters are 1.0 and 0.7 Cal®>cm™1*
for ABAB and AABB respectively.

oy
ba== (1)
. S
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5 — [2Em
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In a good solvent like THE, the solvent with dispersive, polar, and H-bonding provide a strong solubility for
the polymers. While in the non-good solvent as toluene, it offers low &;; the interaction between the polymer and
the solvent cannot compete the interactions among the polymers themselves, thus the polymers become to aggre-
gate, and the intermolecular interactions are mostly contributed by H bond interaction. The dispersions of ABAB
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Figure 4. The cluster sizes of ABAB and AABB in toluene, with the concentration of 0.25% w/v, decreases with
temperature increasing, (a) 25°C, (b) 35°C, (c) 45°C.

and AABB in toluene are translucent, indicating the particle size is larger than those in THE. The reason why the
particle can sustain a stable size because the alkyl side chains help the polymer in 83 match with organic solvents,
the longer and non-symmetric the side chains, the less the §, difference, the higher the solubility. We have also
observed that ABAB is less soluble and more easily aggregate, while AABB is more soluble in toluene and the
aggregates are easily disassociate at outer stimuli, such as ultrasonic treatment or shear stress. For the polymer in
toluene, increasing the temperature makes the polar and H-bond interaction among the polymer chain decline,
and dispersive force enhanced, so that the polymer aggregate dissociates to smaller sizes, which can be observed
from the dynamic light scattering measurement. Figure 4 shows the hydrodynamic radius distribution of AABB
and ABAB in toluene with the concentration of 0.25% w/v at temperatures of 25 °C, 35°C and 45 °C, respectively.
With increasing the temperatures, the aggregate size decreases for both AABB and ABAB. It is observed that
aggregates of AABB dissociate at lower temperature and dissociate to smaller sizes than those of ABAB.

Comparing ABAB and AABB in nitrobenzene or styrene, the factors of 8y are similar between the polymer
and solvent, but since the main chains of the polymers are of different symmetry, the §, differences between the
solvent and the polymer are different for ABAB and AABB. In such solvents with similar H bond factor of the
polymers, the intermolecular interaction will lie on the polar factors.
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Figure 5. The TEM images of the aggregate morphology of ABAB and AABB, casted from the toluene
dispersion at (a) room temperature and concentration of 0.05 wt.%, (b) room temperature and concentration of
0.005 wt.%, (c) 60 °C and concentration of 0.005 wt.%.

Figure 5 shows the images of the cluster or aggregate morphology observed with the transmission electron
microscope (TEM), at relatively high and low concentrations and temperatures. The samples have been prepared
by casting the toluene dispersion onto the copper grid.

The ABAB cluster at room temperature looks like a bunch of messy straw, the fibril is thin and short, while in
the images of AABB cluster, it is made of longer and thicker fibrils. Gels are formed through the cluster-cluster
aggregate, since AABB possesses longer fibrous clusters, it forms a gel at the concentration of 1%, while for ABAB,
higher concentration of 3% is necessary at room temperature. Comparing the images taken from the solution
at 60°C, AABB has disassembled into tiny aggregates while ABAB still in the aggregate morphology of fibers or
clusters. The tiny aggregates of AABB show the fractal morphology, which has been observed in the aggrega-
tion and fibril formation of natural polyamide of proteins and peptides. The fractal pattern is characteristic of
self-similarity in structures, dynamics and reactions, it is considered as the initial stage of nucleation via the stud-
ies on the static and dynamic light scattering in terms of the diffusion-limited and reaction-limited cluster-cluster
aggregation models?*-2. In describing the grouping of (colloidal) particles aggregation is of wider range than
clustering, any elements gathering can be termed as aggregate, while clustering is defined as grouping of the sim-
ilar elements informally?. The fractal structure observed in the initial aggregate stage of AABB indicate AABB
is composed of a flexible 1D polymer and resembles the path of self-avoiding random walk®**!. The formation
of the fibril or filament structures from proto-aggregate of molten globule or fractal remains unclear, though it is
assumed to be correlated with lateral association or some degree of structural recognition®. In the WAXD counts
of the dried gel films of ABAB and AABB from toluene, as shown in the supplementary information, the broad
equatorial reflections from the lateral packing of chains*** are detected for AABB with a d-spacing of 8.8 A but
not for ABAB, because ABAB backbone is relatively curled, not as rigid as that of AABB. To explore the aggregate
or the dissociation mechanism of both polymers and its relation with the gelation, we use the Micro-DSC with
high resolution to record the endothermic processes during heating. The results are shown in Fig. 6.

The endothermic peaks appear around 78-85°C for ABAB and 60-70°C for AABB, Band I as termed and
judged together with the TEM images below or above those temperatures, are related with the transition from
micro-sized fibrils cluster to nano-sized globular or fractal aggregates. There are several sub-processes at this
transition, assumed as the disassembly of fibrils to globule or fractal nuclei, and nuclei aggregate to macromo-
lecular monomers or oligomers. At 50-60 °C for ABAB and 40-50°C for AABB, Band II, which is the clouding
point visually observed for the two polymers respectively, are attributed to the dissociation of the clusters. The
dissociation of ABAB cluster occurs at higher temperature, it is assumed that the linking strength of ABAB fibril
is high because of the interaction among polar chains. There is another endothermic process around 25-35 °C for
AABB and ABAB, Band I1I. It is due to the cluster-cluster aggregation, related with the gelation process, although
the samples used for DSC test are of the concentration of 0.5%, lower than the gelation concentrations of both.

The hierarchical structures of a macromolecule are complicated, even if we have performed a perfect synthe-
sis, well determined unit structure and narrow distributed molecular weight, the conformation of the single chain
and the condensing of the chain aggregate are of uncertainty on time and heat or stress history. The aggregation
and gelation are both thermodynamic and kinetic controlled, such physical gelation is closely related with the
packing states of clusters, annealing is carefully performed and thermal history (fast cooling or slow cooling) and
heating rate are considered before DSC recording of Fig. 7.

It can be clearly observed there are several sub-processes in Band I, including nucleation, fibril formation and
other re-structuring, showing little dependent on the thermal history. Band I of ABAB appear at higher tempera-
ture than that of AABB, indicating the nuclei or aggregate of ABAB is more stable. It shows more sub-processes of
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Figure 6. The differential scanning calorimeter curves for ABAB and AABB in toluene with the
concentration of 0.5 wt.%.
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Figure 7. The differential scanning calorimeter curves for (a) ABAB and (b) AABB in toluene with the
concentration about 0.5 wt.%.

AABB in Band I than that of ABAB, because AABB shows more morphologies, hairy cluster of tiny fibrils or long
thick fibers, as being observed in the TEM images of Fig. 5(b). The Band II of AABB in the first run is broad so
that the dissociation of fiber bundles may be merged in. Compare the same polymer quenched at different cool-
ing rates, the cluster dissociation shifts to the low temperatures for the fast cooled samples than that of the slowly
cooled. The fast cooling makes the macromolecules freeze at some metastable situation, while the slow cooling
offer enough time for the polymer chains to full relaxation and orientation, so that cluster under slow cooling is
more stable. After heat treatment, Band III disappears for AABB, while for ABAB annealing at fast cooling rate
produces stable cluster-cluster aggregates, suggesting the mechanisms of the aggregations of chains, the clustering
of the fibrils and the aggregation of the clusters are different. The fractal morphology indicates that the nucleation
of AABB is driven by the non-specific inter-chain interactions, such as hydrogen bonding. The low-temperature
process of cluster aggregations is controlled by the van der Waals interactions, which is thermally activated.

Figure 8 shows the real parts of the complex permittivity (¢’) at the range from 0.01 Hz to 1 MHz for ABAB
(3%) and AABB (1%) in toluene, and the imaginary parts (¢”) at the high frequency range from1kHz and 100 kHz
(left) and at the low frequency range from 0.1 Hz to 1kHz (right) for ABAB (3%) and AABB (1%) in toluene.
There are two relaxation modes can be observed from the spectroscopy. One is the 3-relaxation shown around
6.3 x 10*Hz for ABAB and 1.8 x 10*Hz for AABB respectively, from the location of the maximum permittivity
loss. The relaxation time and enhancement of the (3-relaxation are almost fixed at the temperature variation. The
other is the a-relaxation at 10°-10' Hz and is temperature dependent.

The relaxation time of the a-relaxation has been determined from the derivate permittivity loss transformed
from the real part by using Kramers-Kronig relation®, an effective way to eliminate the Ohmic conduction from
the loss at the low frequency range. The fast-mode 3-relaxation is attributed to the internal segmental movement
of the polymer chains, which is relatively shorter (short relaxation time and maximum loss at high frequency)
for ABAB and longer (long relaxation time and maximum loss at low frequency) for AABB, indicating ABAB is
less rigidly held, while AABB is in a more expanded conformation. The relaxation increment, i.e. the difference
of the real part of the complex permittivities below or beyond the relaxation, is proportional to the amount of the
dipolar involved in the relaxation. The 3-relaxation of ABAB shows higher increment than that of AABB, since its
segmental dipolar moment is obviously larger because of the parallel alignment of the monomers.
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Figure 8. The real parts of the complex permittivity (¢’) and the imaginary parts (€”) of ABAB (3%) and
AABB(1%) in toluene.

To identify the attribution of the a-relaxation, trials and efforts have been made. It has been observed that
the relaxation time increases with the temperature increasing, which is common in most polarizations and helps
little in determining the attribution. The relaxation increments of -relaxation, i.e. the difference of the real part
of the complex permittivity between 1 kHz and 1 Hz, have been plotted against temperature, as shown in Fig. 9.

Considering the increment of ABAB and AABB change with temperature abruptly above the clouding point,
which correlates to the fibrils aggregation and dissociation, the slow-mode o-relaxation is defined as the inter-
facial polarization®”®. The interfacial polarization is also termed as the Maxwell-Wagner-Sillars polarization,
which is generated because dielectric effects generated by the applied field on the polymer phase and solvent
phase do not match or cancel with each other. Let us assume the polymer fibrils in the solvent media behave like
huge dipoles, the increment equals to the cumulative sums of dipolar moment vectors in a unit volume. It shows
in Fig. 9 that the increment of AABB decreases and that of ABAB increases with temperature when the temper-
ature is higher than the clouding points. As shown in the schematic diagram of Fig. 10, the cluster dissociation
occurs at temperature higher than the clouding point. When ABAB clusters segregate, there are more dipolar
fibrils are liberated and contributes to the bulk polarity. In separated AABB fibrils, the dipoles are none because of
the anti-parallel alignment. While in the clusters of AABB, mostly in fibril bundles because of the rigidity of the
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Figure 10. The schematic diagram of the aggregate dissociation of ABAB and AABB, indicating relaxation
increments of the ou-relaxation of ABAB increases while that of AABB decreases with temperature higher
than the clouding point.

AABB chains, there are the dipolar domains which contributes to the polarity, so that the relaxation increment
decreases when the bundles get dissociated. In the frequency dependent complex permittivity (real and imagi-
nary parts) of the power form polymers pressed into a tablet, as shown in the supplementary information, the
permittivity of AABB is about 24, 3-4 time higher than that of ABAB, which indicates there are highly polarizable
domains in the aggregates of AABB.

Conclusions

In conclusion, we have successfully characterized two aromatic polyamides with dipoles parallel or anti-parallel
along the linear backbone. The structures have been defined via FTIR, '"H NMR and AUC. It has been observed
aggregation and gelation for both polymers in toluene, styrene and nitrobenzene at temperature decreasing from
80°C to 20°C. DLS and TEM detects the size and morphology change of ABAB and AABB in toluene with tem-
peratures, it discloses the AABB aggregates are long and thick fibers while ABAB is of hairy fibril clusters. The
DSC and DRS have recorded the dissociation processes of the clusters’ aggregations, clusters into fibrils, and the
fibrils into nuclei of macromolecules with the temperature increasing. It has revealed abundant phase behaviors
of the two polymers in the non-good solvent, and the intermolecular interaction has been found to be correlated
with the solubility parameters of solvents, the temperature, and the polymer concentration.
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