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Abstract
Hyperbranched aromatic polyamides (pPDT) from A2 (p-phenylene diamine) +
B 3 (trimesic acid) reactants have been prepared using direct polycondensation in
solution. The infiuence of various polymerization parameters on the polymer
structure development and the sol content, as well as on gel formation, has
been thoroughly investigated. Prior to the attainment of the gel point, whose
occurrence is linked quite strongly to the reaction conditions, the resultant
hyperbranched polymers are fully soluble even at room temperature, not only
in concentrated H2S04, but also in aprotic polar solvents (DMF, NMP, DMAc,
DMSO). At 80°C, under typical experimental conditions, gel formation starts
just under 120 min. At a higher temperature (115°C), the attainment of
crosslinking reactions is accelerated (gel point occurs at about 20 min). Both
the presence of added salt (LiCI) to the reaction medium at 80°C and the use
of highly purified reagents promotes earlier gel occurrence. By increasing the
molar ratio of primary amino to carboxyl groups from two-thirds to one, the
network forrnation is delayed. A molar ratio of 1/2 leads to the formation of
oligomers only.
Both the polymer structure development and the degree of branching of
pPDT have been evaluated by NMR spectroscopy as functions of reaction
conditions. As compared to pPDT, polymers prepared from the homologous
AB 2 monomer show similar intrinsic viscosity and glass transition temperature,
but higher molecular weights and distinct differences in the relative ratio of the
various structural units. The lyotropic and thermotropic behaviour of both
polymers has been found.
(Some figures in this article are in colour only in the electronic version; see www • iop. org)
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1. Introduction
Quite recently, the synthesis ofhyperbranched (HB) polymers based on commercially available
A 2 + B 3 reactants has gained increasing attention [1-6]. The above systems, when based on
such chemicals, may overcome the problems connected with the more expensive chemistry
based on AB n -type monomers, not usually available on the market and rather expensive to
prepare, even though many of the latter structures are, so far, predominantly present in the
literature [7]. However, the polymerization of A 2 + B 3 reactants intrinsically bears the risk of
the fonnation of crosslinked structures, which ultimately represent the only reaction product
and whose initial presence is evidenced by gel formation in the reaction medium [8]. As a
consequence, the end product as well as the polymers formed after the gel point are no longer
soluble in any solvente
Two routes have so far been followed in order to obtain soluble HB polymers by the
A 2 + B 3 approach. The first method is based on the separation of the gel and sol fractions
formed during the polymerization reaction [1, 2, 9]. This system needs effective separation
techniques, which are not always easy to apply. With the second method, polymerization is
stopped before reaching the gel point, i.e. at relatively low conversion [3,4]. Following this
approach, accurate kinetic studies are necessary in order to determine and possibly delay the
occurrence of gelation, due to chemical crosslinking, under the chosen reaction conditions.
Moreover, it is necessary to carefully optimize the above conditions (temperature, reagent
concentrations, composition of the reaction medium, etc), which can affect the formation of
crosslinked structures.
In our previous studies [1,2], preliminary results on the synthesis of some HB aromatic
polyamides (aramids) from A2 + B 3 , A 3 + B 3 and A 2 + B4 reagent pairs have been reported. Sol
and gel fractions were formed in various amounts, depending on the experimental conditions
chosen. As mentioned before, in order to obtain free soluble material, the separation route
between the two fractions was followed. However, the polymers isolated from the sol fraction
were not always soluble in aprotic polar solvents, although they were alI soluble in concentrated
sulfuric acido The polymer solubility was enhanced by adding increasing amounts of salts (up to
5 wt% LiCl), which favours physical gel formation by ion-dipole interactions among polymer
chains and solvent molecules. In a recent work of ours [lO], the sol fraction of the resultant
aramids turned out to be an excellent support for enzyme (namely a-amylase) immobilization.
Recently, Jikei et al [3] studied the direct polyamidation of trimesic acid (TMA) and
two aromatic diamines (p-phenylene diamine (PPD) and 4,4'-oxyphenylene diamine) with the
purpose to synthesize HB aramids. The reaction conditions (equimolar amounts of reactants,
rather low reaction temperature, lack of salts) allowed the above authors to obtain fully soluble
materials avoiding any gelation up to a reaction time of 180 min. 1,2,7,8-Diepoxy octane
and l,l,l-tris(hydroxymethyl) ethane have been used as A 2 and B 3 reactants, respectively, by
Emrich et al [4]. Gelation was avoided by quenching the reaction prior to the gel point and
highly branched and soluble aliphatic polyethers containing epoxy chain ends were obtained.
In the present investigation, HB aramids from specific A 2 + B 3 reactants (PPD and trimesic
acid) have been prepared following the procedure suggested by Jikei et al [3]. A thorough study
on the infiuence of various reaction parameters (time, temperature, reactant concentration,
solvent purification level, salt addition, etc) on gel formation was perfonned. Furthermore,
the evolution of the polymer structure during the reaction, before and after the occurrence
of crosslinking, was investigated by infrared spectroscopy (IR), Raman spectroscopy, nuclear
magnetic resonance (NMR), differential scanning calorimetry (DSC) and solution viscosity
measurements. The structure and the degree of branching of the polymers, synthesized from
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Figure 1. HB aramids: (a) A2 (PPD) and B3 (trimesic acid) reagents leading to pPDT and (b) the
AB2 monomer leading to pABAMIA.

compared to those pertaining to HB aramids prepared from an AB 2 system leading to analogous
structural units. However, it is stilI an open question as to whether and how the structure and
the associated properties of a polymer synthesized from an A2 + B3 system could be compared
to those of the corresponding AB 2 HB polymer. Liquid crystalline (LC) properties of both
highly concentrated polymer solutions and solid films were explored in a wide temperature
range. The preliminary results will be reported herein.

2. Experimental details
2.1. Materials

N-methyl pyrrolidone (NMP) from Aldrich was refiuxed under reduced pressure in the presence
of CaH2 for 8 h and distilled under the same conditions. Then, it was refluxed under reduced
pressure in the presence ofP 20 S for 6 h and distilled; the treatment was repeated twice. Pyridine
(Py) from Aldrich was refluxed under an inert atmosphere in the presence of NaOH for 6 h
and distilled; the treatment was repeated three times. LiCl (Carlo Erba) was dried for 24 h
at 340°C under vacuum. Triphenyl phosphite (TPP) from Aldrich was purified by fractional
distillation three times, under reduced pressure. PPD from Fluka was purified by sublimation
at reduced pressure three times. The TMA from Aldrich was used as it was received.
Highly purified solvents (NMP, Py) were prepared repeating the fractional purification
seven times.
2.2. BB aramidsfromA2 + B3 reactants

Polymers from A 2 + B 3 reagent pairs (figure l(a)) were usually synthesized using equimolar
an10unts ofPPD and TMA ([NH 2]/[COOH] == 2/3, monomerconcentration == 0.105 molI-l),
following the procedure described elsewhere [3]. pPDT14 to pPDT17 samples were
prepared by using a [NH 2]/[COOH] molar ratio equal to one ([PPD] == 0.110 mol l-l,
[TMA] == 0.072 molI-l) and a half ([PPD] == 0.075 molI-l, [TMA] == 0.100 molI-l).
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A sample (pPDT18) was synthesized by adding a relatively large amount of salt (6.7 wt%
LiCI) to the reacting mixture. Polymerization times from 30 to 180 min were explored, at two
different reaction temperatures (80 and 115°C).
IH NMR (8 in ppm): signal groups at 6.7 (Har ortho to NH2 ofunit A), 7.5 (H ar meta to
NH 2 ofunit A), 7.83 (H ar ofunit A'), 8.6-8.85 (H ar of 1,3,5-trisubstituted benzene unit), 10.3
(NH of unit A), 10.65 (NH of unit A'). Chemical shifts of unit A are strongly dependent on
concentration and composition.
IR (KBr, cm-l): broad absorption from 3700 to 2000, 1711, 1658, 1512, 1401, 1310,
1237, 826, 664.
Raman (cm-l): 3076,1658,1612,1525,1410,1341,1267,1183,1001.
2.3. Monomer (ABAMIA) synthesis
The 5-(4-aminobenzamido)isophthalic acid (ABAMIA) (figure 1(b)) synthesis was carried out
according to the procedures given in [1].
IH NMR (8 in ppm): 6.56 (d, 2H, H ar ortho to NH 2 ), 7.39 (d, 2H, H ar meta to NH 2 ), 8.59
(s, 1H, H ar ), 8.70 (s, 2H, H ar ), 10.25 (s, 1H, NH).
IR (KBr, cm-l): broad absorption band from 3700 to 2000, 1712, 1619, 1512, 1394,
1331,1241,826,740,718,679.
2.4. HB aramid synthesisfrom AB2
HB aramid, named p(ABAMIA), was synthesized from the AB 2 monomer following modified
cond.itions ofYamazaki [11,13]. The monomer concentration was 0.14 M in a 5: 1 v/v mixture
of NMP and Py, cOl1taining also 6.7 wt% LiCl; [TPP]/[COOH] molar ratio was 1.09, Tp was
settled at 115°C and t p at 3 h.
lH NMR (8 in ppm): signal groups at 7.83 (H ar of unit A'), 8.6-8.85 (H ar of 1,3,5
trisubstituted benzene unit), 10.65 (NH of unit A').
IR (KBr, cm-l): broad absorption from 3700 to 2000, 1714, 1653, 1511, 1401, 1310,
1237,666,521.
2.5. Other characterization techniques
The solution viscosity was measured in a suspended level Ubbelohde viscometer at 25°C in
96% H 2 S04 , as well as in DMF and DMSO. DSC analyses were performed on a Mettler
calorimetric apparatus, model TC10A, at a heating rate of 20 K min-l. The optical properties
of the sample were observed using a microscope (Polivar Reichert Jung) equipped with a hot
stage apparatus and a camera.
Size exclusion chromatography (SEC) measurements were carried out on a multi-detector
SEC system, based on a Waters Alliance 2690 separation module equipped with a differential
refractometer, a single capillary viscosimeter and a multi-angle laser light scattering (MALS)
detector. dn/dc was measured by a differential refractometer (Cromatix KMX-16) and found
to be 0.208. A SEC set-up based on two JordiGel GBR (5 {Lm) columns was used at 80 °C
with dimethyIacetamide (DMAc) + 0.1 M LiCI as mobile phase (fiow rate of 0.8 ml min- 1 and
injection volume of 200 {LI). Fourier transform infrared (FT-IR) and FT-Raman spectra were
recorded with a Broker IFS66 spectrometer and a Broker RFS 100 instrument, respectively. The
NMR spectroscopic experiments were performed in 5 mm outside diameter sample tubes with
a Broker DRX 500 NMR spectrometer at 500.13 MHz for 1 H NMR spectra and at 125.75 MHz
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polymer in 750 111 of DMSO). The solvent peaks of DMSO \vere used for internaI calibration:
8( 13 C) = 39.60 ppm; 8(lH) == 2.50 ppm. The signal assignn1ent was performed by lH_ 1H_
COSY, lH- 13 C-HMQC and lH- 13 C-HMBC 2D NMR experiments using the standard pulse
sequences provided by Broker and will be described in detail in a forthcoming paper [12]. The
quantification of different structural units was done by integration and signal deconvolution
of the signal region of the 1,3,5-trisubstituted phenyl moiety in the 1H NMR spectra. The
assignments were done without using model compounds.

3. Results and discussion
HB aramids have been prepared by direct polycondensation under various reaction conditions,
using PPD and trimesic acid (as A 2 and B 3 reactants, respectively) triphenylphosphite as
activating reagent and NMP:Py (5: 1 v/v) as the solvent medium. The resultant products are
denoted in the following as pPDT. For comparison, the HB products from the AB 2 monomer,
leading to nearly identical, fully soluble products (pABAMIA), have been sin1ilarly prepared
and characterized (figure 1).

3.1.

Gelforn~atiol1

The intrinsic viscosity data of some aramid samples (pPDT1 to pPDT9, [NH 2 ]/[COOH]
= 2/3) as functions of different polymerization times at 80°C are given in table l. Since
it was not possible to precipitate and collect sample pPDT1 (fp == 30 min), it can be concluded
that it is necessary to exceed this reaction time in order to obtain a product with a sufficiently
high degree of polymerization. The intrinsic viscosity increases very rapidly with t p when
approaching the gel point, which is found to occur at about 120 min. The reproducibility of
our results is high, since the intrinsic viscosities of polymers formed at the same tp are quite
similare Only partial solubility is observed for samples prepared at tp ? 120 min, when gelation
has already occurred. However, since it was not possible to quantify the relative amounts of the
soluble and insoluble fractions, no distinction has been possible between slightly crosslinked
and highly crosslinked samples.
The increase of polymerization temperature tumed out to greatly enhance the reaction
rate and, consequently, favour the earlier occurrence of crosslinking. At 115°C, the same
temperature as that chosen for the preparation of HB aramids from the AB 2 monomer, gel
formation is observed for the A 2 + B 3 system after 20 min (pPDT11) and the resultant material
is insoluble in alI solvents mentioned above. At 115°C the polycondensation kinetics are so
fast that a product, which stilI exhibits a low viscosity after t p = lO min (pPDT10), becomes
largely crosslinked after 20 min (see table 1).
As reported by Jikei et al [3], the presence ofLiCI plays a relevantrole in the polymerization
processo At 80°C, salt addition (6.7 wt%) to the reaction medium reduces the gel occurrence
time from 120 to 80 min (pPDT18), thus it increases the reaction rate and allows the system
to reach the criticaI conversion earlier. It is relevant to note that at higher temperatures
(115°C) the crosslinking process is so fast that no additional infiuence of salt addition could
be detected.
Another reaction parameter, often disregarded in direct polycondensation studies, is linked
to the purification level of the reactants and solvents. In the past we have studied in detail the
effect of the purity of reagents (not only monomers and reactants, but also NMP, Py and TPP)
on polyamidation kinetics and polymer properties [13]. In the present paper, their infiuence
on network formation will be presented. Using highly purified solvents, by repeated fractional
purification, it has been possible to anticipate the occurrence of crosslinking. In such a case
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Table 1. Solubility and solution viscosity data for pPDT samples synthesized under different
conditions.
Sample code
pPDT1 b
pPDT2 b
pPDT3 b
pPDT4 b
pPDT5 b
pPDT6 b
pPDT7 b
pPDT8 b
pPDT9 b
pPDT10 b
pPDT11 b
pPDT12 b ,c
pPDT13 b ,c
pPDT14 d
pPDT15 d
pPDT16 e
pPDT17 e
pPDT18 f
a

Tp

tp
(min)

( °C)

Solubility

(dI g-l)

(dI g-l)

30
60
60
90
90
90
120
150
180
lO
20
50
70
90
160
90
240
80

80
80
80
80
80
80
80
80
80
115
115
80
80
80
80
80
80
80

Total
Total
Total
Total
Total
Partial
Partial
Partial
Total
Partial
Total
Partial
Total
Partial
Total
Total
Partial

0.22
0.22
0.35
0.35
0.34

0.13
0.33
0.34
0.36

0.51
0.52
0.53

0.16

0.15

0.33

0.20

0.15

0.30

[T/]DMF

a

[T/]DMSO

a

[T/]H2 S04

a

(dI g-l)

0.20
0.10
0.15

At 25°C in 96% H2 S04.
== 2/3.
Highly purified reagents and solvents.
[ NH2]/[COOH] == 1/1.
[ NH2]/[COOH] == 1/2.
[ NH2]/[COOH] == 2/3 and 6.7 wt% LiCl.

b [ NH2]/[COOH]
c
d

e
f

(with pPDT13 purified solvents), the gel point is reached after 70 min at 80 ac and the resultant
product is insoluble in alI organic and inorganic solvents.
Different purification techniques and procedures for both reagents and solvents might
explain the discrepancies between our results and those obtained by Jikei et al [3], conceming
the reaction time necessary for reaching the gel point at 80 ac. In the latter work, a gel is not
formed after 180 min ofpolymerization, while in our system it already occurs at tp == 120 min.
In conclusion, the criticaI conversion to a gel point is not only strongly affected by different
reaction parameters, but also linked to the experimental set-up. We have already mentioned that
molar mass of pPDT exponentially increases with conversion when the gel point is approached,
as stated by Flory [8]. As a consequence, even a small conversion fluctuation can determine
v/hether soluble HB polymers or insoluble networks are formed.
A well known parameter, which is easier to control and has a very relevant effect on criticaI
conversion, is the ratio of fllnctional groups in the reacting pair. The ratio of the functional
groups (e.g. the stoichiometric ratio r) controls molar mass, as given by the Carothers equation.
A strong deviation of r from one leads to the formation of oligomers only, and one cannot expect
high molar mass products before reaching the gel point. In generaI, under non-stoichiometric
conditions, the probability of gel formation is reduced and thus shifted to higher reaction times.
It is mainly the ratio of the crosslinker B3 to monomer A 2 that controls the criticaI conversion
Pc, at which gel formation occurs. This important effect has already been pointed out by Jikei
et al [3,14]. At an [A]/[B] ratio of one, the theoretical criticaI conversion of A functions is
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Table 2. Molar masses of pPDT depending on the polymerization tilne Up ) and temperature (Tp )
(by SEC, using viscosity and MALS detector, P D is the polydispersity and a is the Mark-Houwink
constant).

Tp

Mw

Sample
code

tp

(min)

(OC)

(x

pPDT3
pPDT4
pPDT5
pPDT10

60
90
90
lO

80
80
80
115

23.8
42.9
42.5
33.6

10- 3

g

mol- 1)

PD

[1] ]3
(dlg- 1)

a

4.4
4.8
4.8
2.7

0.110
0.269
0.189
0.130

0.24
0.32
0.23
0.20

3 DMAc + 0.1 M LiCI at 80°C.

formation of oligorners only due to the high level of stoichion1etric unbalance. Only in the case
of an AB2 system, where both functional groups are connected to the sarne rnolecule, does a
very high molar mass becorne possible, at least for non-stepwise procedures, as demonstrated
by Flory [8].
As shown above in the present system, a [NH 2]/[COOH] ratio of 2/3 has been used
for most syntheses, which leads to gel forn1ation just before 120 min at 80°C. When the
excess of acid (crosslinker) is reduced to [NH2]/[COOH] == 1 (pPDT15), gel formation is
delayed and occurs only after 160 min at 80°C (table 1). In this case, according to Flory's
equations, the gel point should be observed at a conversion (71 %) lower than that expected
for the system in which [NH 2]/[COOH] == 2/3 (87%). Thus, the gel point should be reached
earlier and not later. Nevertheless, various additional effects, such as crosslinker and absolute
diamine concentrations, have to be considered besides the ratio between functional groups. As
a consequence it is not easy to predict the parameter that exerts the major effect on the gelation
time.
It has also been reported that the use of an equivalent number of amino and carboxyl
groups at 115°C in the presence of salt (LiCI) gives a gel after 10-20 min [15,16]. Also in
this case, both salt and high temperature seem to speed up the network formation, minimizing
the differences linked to other reaction parameters.
According to the theory, a further increase of excess B 3 to the ratio [NH 2]/[COOH] == 1/2
(pPDT17) did not lead to any gel formation even after 240 min under the polycondensation
conditions used, but only oligomers could be isolated as indicated by the solution viscosity data.
This is largely different from the results obtained by using AB 2 monomers which, although
characterized by the same [NH 2]/[COOH] ratio, can lead to high molecular weight polymers.
3.2. Polymer properties
3.2.1. Molar masso
SEC measurements, using the SEC apparatus described in the
experimental section and equipped with single-capillary viscometry and MALS detectors,
were carried out for molar mass analysis of some selected soluble pPDT samples prepared at
80 and 115°C. The results are given in table 2. Generally speaking, the molar mass is not
as high as those from the AB2 system [17], due to competing gel formation before a high
molar mass can be achieved. As expected, the sample (pPDT3) at the lowest reaction time
(60 min) exhibits a lower molar mass than those prepared at 90 min (pPDT4 and pPDT5). The
polydispersity is broad, as expected for systems cIose to gel point. At 115°C it was possible
to synthesize a relatively high molar mass polymer in only lO min. This result points out the
very rapid growth of the HB aramid structure at higher temperatures.
By comparing molecular weight distlibution (MWD) data pertaining to pPDT4 and pPDT5
it can be inferred that the reproducibility is excellent, although [1]] and a values (from single
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Table 3. Thermal properties of pPDT depending on the polymerization time and temperature.
tp

Tp

Tg

Sample code

(min)

(OC)

(OC)

pPDT2
pPDT3
pPDT4
pPDT5
pPDT6
pPDT7
pPDT8
pPDT9
pPDT10
pPDT11

60
60
90
90
90
120
150
180
lO
20

80
80
80
80
80
80
80
80
115
115

165.0
160.0
153.6
153.6
150.0
150.0
160.0
153.8
155.0
153.0

Table 4. Characterization data of pABAMIA.
Solubility
[ 1] ] a (dI g- 1 )
Tg (OC)
M w b X 10- 3 g mol- 1
PD b
[1] ] b

(dI g-

l)

ab

Total
0.44
159
146.1
2.8
0.211
0.35

960/0 H2 S04 at 25°C.
Molar masses, P D, [7]] and Mark-Houwink constant a of pABAMIA by SEC using viscosity
and MALS detector, with an eluent of DMAc + 0.1 M LiCI at 80°C.

a

b

capillary viscometry) for the two samples show some discrepancies. It also has to be pointed
out that M w was calculated from the results of the MALS detector.
Tllerma/ properties.
The glass transition temperatures for the pPDT polymers
synthesized at 80 and 115°C are given in table 3. The glass transition temperatures for
alI samples vary between 150 and 165°C, but no clear tendency can be observed, although
samples obtained at low t p generally show higher Tg values.
Two opposite factors that could affect Tg have to be considered: the nature and number of
end groups and the crosslinking density and molar masso Our samples are characterized by a
different number of functional groups, depending on how many acid and amino groups have
already reacted. It is well known for HB polymers of identical repeating units that the nature
of the end groups strongly affects the observed glass transitions [18]. In our system, in a low
molar mass sample, a high number of unreacted COOH groups, together with a reasonable
amount of unreacted amino functions, is stilI present with the possibility of salt formation and
the consequel1t increase of the glass transition temperature. With increasing conversion, the
ratio of amino to COOH groups will change.

3.2.2.

3.2.3. A2 + B3 as compared to AB2.

Tbe properties ofpPDT polymers, as given in tables 1-3,
can be compared to those of polymer from an AB 2 system (pABAMIA, table 4). For the
synthesis ofpABAMIA, Yamazaki's conditions were applied, but at 115°C and tp == 180 nlin
(conditions which would lead to crosslinking ofpPDT). pABAMIA tumed out to have similar
Tg, but a higher SOllltion viscosity compared to alI soluble pPDT samples. SEC meaSllrements
~1~() ~h()w ~ mllrh hio-her molar mass for the HB Dolvrner svnthesized from the AB~ monomer.
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Figure 2. IR spectra of (a) a pPDT3 film and (b) a pPDT4 film on a NaCl window.

as compared to those pertaining to pPDT polymers. This clearly demonstrates the advantage
of the AB 2 system: HB polymers of high molar mass can be achieved without observing any
gelation. The Mark-Houwink exponent a is between 0.2 and 0.35, as found also for another HB
aramid structure [17] and indicates a highly compact structure. Besides this obvious advantage
of the AB 2 system, it has also been of high interest to analyse structural differences between
these two synthetic systems. The repeating units are identical in pPDT and pABAMIA, but
as already discussed, the ratio of the functional groups is not. Therefore, differences might
be present both in the number and in the nature of end groups, as well as in the degree of
branching.
IR and Raman spectra were recorded for polymers from the AB 2 and A 2 + B 3 systems.
The IR spectra measured in KBr of pPDT synthesized at 80°C at different reaction times show
identical absorption bands with only slight deviation in intensity. Absorption maxima are
found at 1711 cm- l (C=O acid), 1650 cm- l (C=O amide), 1511 cm- l (CNH), together with
a very broad absorption between 3500 and 2000 cm-l. In the region below 1400 cm-l,
several skeletal absorption bands are present: the band at 1390 cm- l is due to para
substituted benzene and that at 1309 cm- l to CNH and ring bal1ds. Other absorption
maxima are found at 1230 cm- l (C-O), 822 cm- 1 (para-substituted benzene) and 644 cm- l
(1,3,5-trisubstituted benzene). Compared to pPDT, pABAMIA has a very similar IR
spectrum.
Using KBr, it has not been possible to analyse the region between 3500 and 2000 cm- 1 due
to scattering, overlapping signals and the presence of water. Therefore, in order to evaluate this
absorption range, soluble polymers from the A 2 +B 3 system were dissolved in DMSO, deposited
as dense films on a NaCl window and subsequently analysed. The samples were carefully dried
and equally treated before analysis. As expected, the ratio of the area corresponding to the
absorption band from 3663 to 2687 cm-l, attributed to terminaI groups (-NH 2 and -COOH),
to that from 1696 to 1620 cm-l, due to C=O amide, decreases by increasing the polymerization
time for the A 2 + B 3 system (figure 2). This is in agreement with our previous discussion:
that the number of functional groups should be reduced with the development of the reaction.
However, a more detailed analysis of the nature of the end groups and the structural repeating
units has not been possible by IR spectroscopy whereas NMR spectroscopy is a powerful tool
for such evaluation. Let us first make some structural considerations.
In an AB 2 system, three different structural units are usually considered: linear (one
B function), dendritic (no B function) and terminaI (two B functions). In some cases, it is
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Figure 3. Possibie structurai units of HB aramid from the A2 + B3 system (T denotes terminaI, L
denotes Iinear and D denotes dendritic).

also possible to identify the single focal unit A per molecule. An A 2 + B 3 system is more
complex. Figure 3 shows alI nine possible structural units (two for the terminaI unit T, three
for Iinear units L and four for dendritic units D) withollt considering the reactants themselves, in
comparison to the three units mentioned above from an AB 2 system. As indicated in the above
scheme, B represents the COOH group and A refers to the primary amino function. Using
this representation, the so-called 'focal units' of an AB 2 system having an amino function are
considered as important structural units. In the AB 2 monomer (figure l(b)), a B 3 molecule
has already been combined with an A2 molecule by a Iink which no Ionger participates in the
polycondensation reaction, thus reducing the structural variety.
Only six of the possible nine units could be verified in our A2 + B 3 system by NMR
spectroscopy. Thus, the intermediate which corresponds to the AB 2 monomer (representing
the smallest terminaI unit) was not found in the final polymer. In fact, the content of structural
units which have primary amino groups is Iow (see table 5, structures with A groups). One has
to be aware that Iow mass structural units, which were not found in the NMR analysis, might
have been removed during polymer purification. Furthermore, while the content of unreacted
amino function is certainly a measure for the conversion, it is worthwhile to mention that, for
an A2 +B3 system, one can no Ionger assume that each macromolecule has only one free amino
group as a focal unit, in analogy to what is valid for AB 2 HB systems.
As stated above, the 1H NMR measurements allowed us to identify six different structural
units (given in figure 3, the structures on the right-hand side) and to calculate the degree of
branching (DB) using the standard equation introduced by Hawker et al [19] (table 5). AlI
signals in the region from 8.85 to 8.60 ppm could be assigned to the T, L and D units (figure 4)
and corresponding data are given in table 5 for five pPDT samples and pABAMIA.
It should be mentioned that the first 1H and 13 C NMR assignments for pPDT were published
by Jikei et al [3,14] based on model compounds. The assignments are much Iess detailed
compared to ours. Furthermore, the reported spectra do not show the characteristic signals of
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Table 5. Percentage of structural units and degree of branching for different pPDT and pABAMIA
samples by 1H NMR analysis (reaction conditions according to table 1).

AA'B(L) (%)
ASB(L) (%)
A'B2(T) (%)
A2 A'(D) (%)
A; (D) (0/0)
AA;(D) (%)
DB a
DB b

pPDT2

pPDT4

pPDT12

pPDTI0

pPDT14

pPDT16

15.6
36.4
23.6
4.4
9.8
10.2
0.48
0.48

9.2
41.7
27.0
O
15.4
6.7
0.49
0.46

16.4
36.4
22.1
3.3
11.3
10.5
0.47
0.49

17.9
35.4
22.0
3.4
10.2
11.1
0.47
0.48

25.8
23.5
12.1
10.6
6.6
21.4
0.51
0.61

6.1
45.4
30.2
O
12.2
6.1
0.48
0.42

pABAMIA

58
21
21
0.42
0.42

DB was calculated using the equation: DB == (D + T)/(D + T + L) according to Hawker et al [19] with
== (A'A2 + AA; + A;), T == (A'B2) and L = (AA'B + A;B).
b DB was calculated using the equation: DB = 2D/(L+2D) according to H6lteretal [20] with D == (A'A2+AAS+A;)
and L == (AA'B + ASB).
a

D

trimesic acid which result in conversion of amino groups to acetic amide groups [12]. The
full details on our l H and 13C NMR characterization and signal assignment are also reported
in [12].
We will mainly focus here on the structural differences among the various polymer samples
prepared under varied reaction conditions (temperature, type of solvent, ratio of functional
groups in the monomer mixture).
The pPDT prepared with the longest polymerization time (pPDT4; t p == 90 min and
[NH 2 ]/[COOH] ratio of 2/3) is stilI completely soluble and shows the lowest content of
free amino groups (which could be considered as focal units), calculated as the sum of the
concentration of alI structures with A functions (0% of A2 A', 6.7% of AA; and only 9.2% of
AA'B). The lowest content of amino functions was also confirmed by FT-IR measurements.
At the same time, the content of the fully reacted dendritic units (A;) for this sample was
the highest in the series prepared at [NH 2 ]/[COOH] == 2/3. The overall DR, however, did
not change considerably, since the lower content in AA'B (L) was compensated by a higher
content of A;B (L). These results confirm the assumption that this polymer sample has the
highest conversion of amino and acid groups to amide functions and thus the highest molar
masso
The polymers synthesized at a higher temperature (pPDT10) or by the use of highly
purified solvents (pPDT12) do not show major structural differences, as compared to the
previous samples. Sample pPDT14 deserves a more detailed comment as it is characterized by
the lowest concentration of terminaI and linear units and the highest content of dendritic units
as compared to the other HB polymers. As mentioned previously, it was prepared using a ratio
of amino to carboxyl groups equal to one. Since an excess of acid groups was no longer present,
amide formation was promoted and the total number of remaining acid functions in terminaI
and linear units was reduced accordingly. Thus, a decrease in terminaI units (A'B 2 ) and an
increase in dendritic units (A2 A', AA;, A;) were observed. At the same time, a relatively
high content of structural units with free amino functions was observed (A 2 A', AA'B, A;A),
indicating a comparable low conversion even though the reaction time was identical to that of
pPDT4. The resulting ratio of terminaI to dendritic units (12.1/38.6) deviates strongly from
what is expected for a classical HB polymer (25/25) and shows that this polymer resembles
much more a classical close-to-network structure just before the gel point. It is important to
note that in this sample, the stoichiometry of functional groups (r == 1) is not at alI comparable
with an AB 2 system (r == 0.5).
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Figure 4. l H NMR spectra of (a) pPDTIO in DMSO-d6 and (b) an enlarged region of the protons
of the 1,3,5-trisubstituted benzene moiety with signal assignrnents according to figure 3.

In contrast, sample pPDT16 also has r == 0.5, as in an AB 2 monomer. The NMR evaluation
of this sample shows a high amount of A;B (L) (45.4%) and A'B 2 (T) (30.2%) and a very
low amount of AA; (D). This can be explained by the high excess of COOH groups, which
favours the formation of terminaI groups and reduces the amount of unreacted A groups. The
DB value, calculated according to Hawker et al [19], was found to be close to 50%; these
examples demonstrate very well that the use ofthe degree ofbranching, typically employed for
the characterization ofHB polymers, does not provide enough information on the development
of the structural units. When the equation of Holter et al [20] was used for calculation of D B,
the different ratio of structural units resulted in changes in DB to 61 and 42% for pPDT14
and pPDTI6, respectively (table 5). The reason is that the above calculation considers only
the linear and dendritic units.
Analysis of the pABAMIA sample revealed some small signals which do not exist in the
snectra of oPDT and which have to be assi2:ned to side reactions. Similar to the soectra of
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(a)

(b)

Figure 5. Polarized Iight optical micrograph of (a) pABAMIA and (b) pPDT solutions in NMP
(60 wt%) under shear at room temperature.

pABAMIA given by Jikei et al [14], these signals appear at 8.93, 8.88 and 8.57 ppm (1,3,5
trisubstituted benzene unit) and at 7.52 and 7.37 ppm (para-substituted benzene unit). Their
intensity is about 7% of the total intensity of aromatic protons. In addition, as expected, the
content of structural units with the A function (one focal unit per molecule) is so small that
it cannot be detected. However, it has still been possible to verify and quantify the amount
of linear, dendriti c and terminaI units (table 5), resulting in 21 % dendritic units and a D B of
42%. This low degree of branching indicates a non statistical reaction. The relatively low
content of dendritic units might be explained by steric hindrance of the second addition of the
ABAMIA monomer.
Similar results have been reported by Jikei et al [14] for their A2 + B 3 system at high
conversion but before gelation. While the AB2 polycondensation resulted in a D B of only
43% with 21 % dendritic units, theA 2+B 3 polymers exhibited a DB of50% with 31 % dendritic
units. This confirms our observation that HB polymers by AB 2 monomers are not identical in
internaI structure to those obtained via an A 2 + B3 system.
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3.2.4. Le behaviour. A comparison was also accomplished for pABAMIA and pPDT in terrns
of LC properties. HighIy concentrated polymer solutions in NMP and DMF of both systems
show a shear birefringence at room temperature (figure 5). The same behaviour has been found
for other HB aromatic polyamides [17, 21]. The LC behaviour of our HB aramids, present
also in their solid fiIms in a wide temperature range (thermotropic effect), is at present under
detailed investigation in order to better understand this peculiar phenomenon. It can already
be pointed out, however, that both AB2 and A 2 + B 3 systems show similar LC behaviour,
which means that their properties in solution, in terrns of self-assembly, interactions with
solvent, etc, are quite similar even though some relevant structural differences exist between
them.
4. Conclusions
This study on HB aramids via direct polycondensation showed clearly the potential and
the problems involved in A2 + B3 polycondensations compared to AB2 HB polymers. The
advantage is the use of commercially available, well known reactants for the preparation of
highly branched, soluble aramids. However, the high sensitivity of the A2 + B 3 system on both
the reaction conditions and the conversion with high probability of gel formation renders its
use problematico No high molar mass products without gel content can be achieved, whereas
this is obviously not a problem for AB 2 polymers. In addition, structural differences could be
verified for the two branched systems: polymers from the A 2 + B 3 system can have a higher
content of dendritic units, which points to a more dense internaI structure. AIso, more than
a single free amine function can be present in one molecule. This aspect might be used in
special applications, such as carrier or chromatography material, and positive effects have been
already observed when pPDT was used as enzyme supporto
Aramids from the AB 2 and A2 + B 3 systems have some similarities: high solubiIity in
organic solvents, low solution viscosity, similar glass transition temperatures and identical LC
behaviour. Thus, A 2 + B3 systems present a synthetic alternative towards highly branched
aramids, but the reaction conditions have to be well controlled.
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