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The synthesis of oligo(hexafluoroisopropylidene isophthalamide) on a solid support of Syn-
PhaseTM Lanters is described. The repetitive coupling steps using symmetrical diamines and
diacid chlorides allows to obtain aromatic oligoamides with controlled molecular weight
(Mw = 5480 g/mol) and narrow molecular weight distribution (PDI = 1.03) as evidenced
by gel permeation chromatography. Moreover, the FTIR and 1H NMR analysis demon-
strated their chemical nature and OH-end groups functionality. The thermal properties
of aromatic oligoamides were found to be lower, as expected, than those of poly(hexa-
fluoro-isopropylidene isophthalamide), the same repeating unit high molecular weight
polyamide, as judged by differential scanning calorimetry and thermogravimetrical
analysis.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Wholly aromatic polyamides (aramids) have received
considerable attention with regard to the production of
high-performance materials, due to their outstanding ther-
mal stability, chemical resistance, low flammability, and
mechanical properties [1]. However, the poor solubility
and high softening temperature caused by the chain stiff-
ness and their intermolecular hydrogen bonding lead to
difficulties for processing of these materials. Breaking
intermolecular hydrogen bonds is a typical approach to
improve solubility and processability while maintaining
the high thermal stability. Generally, it has been more con-
venient to synthesize modified aramids via the structural
modification of diamine monomers, such as the incorpora-
tion of bulky pendant groups of hexafluoroisopropylidene
(6F) [2], followed by the polycondensation reaction with
available aromatic dicarboxylic acids [3] or their deriva-
tives [1,4]. However, the materials synthesized by polycon-
densation present a broad molecular weight distribution,
. All rights reserved.
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which in turn influences their physical properties often
in uncontrolled ways [5]. Therefore, it is interesting to pre-
pare aromatic oligoamides with a controlled degree of
polymerization. The aromatic oligoamides will provide
the opportunity to design and produce well-defined and
characterized segments with some defined functionalities
and properties. Therefore, the current challenge is to pre-
cisely control the structure, polydispersity, and dimensions
of aromatic oligoamides, prepared by polycondensation, in
such a way that specific properties or functionalities can be
obtained and can be used to study the relationship be-
tween chain length and their ultimate physical and chem-
ical properties.

Since 1963, the introduction of solid phase synthesis
has been studied extensively for the synthesis of oligopep-
tides and oligonucleotides [6]. Recently, this synthetic
technique has been employed in the preparation of well-
defined polymers enabling the convergence between the
synthetic organic and polymer chemistry [7–11]. Despite
their importance, there are few reports describing the syn-
thesis of aromatic polyamides on solid support, even
though this method was widely use for polypeptides which
are natural polyamides. König et al. [12] described a tradi-
tional solid supported synthesis of oligo(p-benzamide),

http://dx.doi.org/10.1016/j.eurpolymj.2009.07.020
mailto:mjav@cicy.mx
mailto:manualito@gmail.com
http://www.sciencedirect.com/science/journal/00143057
http://www.elsevier.com/locate/europolj


J.L. Santiago-Garcia, M. Aguilar-Vega / European Polymer Journal 45 (2009) 3210–3216 3211
using a Wang resin support and p-amino benzoic acid with
carboxylic acids groups activated in situ with thionyl chlo-
ride, and amine groups protected with p-methoxy benzyl
(PMB) and 9-fluorenylmetohoxycarbonyl (Fmoc). Nakata
and Brisson [13] developed a quasi-Merrifield approach
to synthesize monodisperse polyamide oligomers using
bifunctional monomers avoiding the step of protection
and deprotection. More recently, Hartmann et al. [14]
using the solid phase synthesis, synthesized monodisperse
sequence-defined poly(amidoamines) (PAA) segments.
This synthesis includes the alternating addition of succinic
acid and diamines. Traditionally, the Wang resin is without
doubt the most widely used solid support in solid phase
synthesis. In Wang resin the swelling factor is important
since reaction kinetics is diffusion controlled. Conse-
quently, resin that swells more will have a higher diffusion
rate of reagents into the core of the matrix, resulting in
shorter reaction times and more complete chemical con-
versions. This process is eliminated using SynPhaseTM Lan-
terns supports which are open structural forms with a
large surface area and functional groups in the surface that
allow a direct reaction that is not controlled by swelling
and diffusion inside the resin.

The main objective of this work is to evaluate the solid
phase synthesis of aromatic oligoamides with controlled
molecular weight. This proof of concept was carried out
utilizing a solid support of SynPhaseTM Lanterns hydrox-
ymethylated, on which the stepwise growth of the aro-
matic oligoamide was carried out by alternating addition
of 4,40-hexafluoroisopropylidene diamine (HFA) and isoph-
thaloyl chloride (ISO).
2. Experimental

2.1. Materials

The solid support SynPhaseTM Lanterns hydroxymethy-
lated were purchased from Mimotopes, Pty Ltd., Clayton,
Australia. Isophthaloyl chloride (ISO) was distilled under
vacuum prior to use. 4,40-hexafluoroisopropylidene dia-
mine (HFA). Triethylamine (TEA), dichloromethane (DCM)
and N-methyl pyrrolydone (NMP) were stored over 4 Å
molecular sieves. All reactants and solvents were pur-
chased from Aldrich Chemical Co. and used as received un-
less otherwise stated.
2.2. Benzoylation of SynPhaseTM Lanterns hydroxymethylated

Five independent hydroxylated supports (with a 15
lmol �OH groups each one for a total of 75 lmol of OH
groups) were placed in a 50 mL flask equipped with inlet
and outlet nitrogen. Next, a solution of 0.75 mmol of ISO
and 1.5 mmol of TEA in 20 mL of DCM was added slowly
at room temperature while stirring under nitrogen. The
benzoylation reaction was carried out for 2 h. Then the
ISO solution was drained and the SynPhaseTM Lanterns were
rinsed vigorously with 10 mL of DCM three times during
5 min to remove excess reagents and reaction byproducts,
and dried under vacuum.
2.3. Synthesis of aromatic oligoamides

The first step to synthesize aromatic oligoamides was
the benzoylation of SynPhaseTM Lanterns described above
using a 50 mL three-neck flask with bottom outlet. After
the elimination of excess reagents, byproducts, and sol-
vents; the sterificated SynPhaseTM Lanterns supports were
treated with a solution containing 0.25 g (0.75 mmol) of
HFA and 0.21 mL (1.5 mmol) of TEA in 5 mL of NMP
(Fig. 1 step 2). This solution was added with the help of a
syringe while stirring under nitrogen atmosphere. The
reaction proceeded during 2 h and then the excess re-
agents were drained and the supports were rinsed with
NMP (3 min/3 times) and DCM (3 min/3 times). Subse-
quently, the SynPhaseTM Lanterns supports were treated
with 0.153 mg (0.75 mmol) of ISO and 0.21 mL (1.5 mmol)
of TEA in 5 mL of DCM (Fig. 1 step 3). This solution was
added with the help of a syringe while stirring under nitro-
gen atmosphere. The reaction proceeded during 2 h and
then the excess reagents were drained and the supports
were rinsed with DCM (3 min/5 times). All the rinses were
carried out in nitrogen atmosphere. In step 4 (Fig. 1), the
solutions containing the diamine or the dichloride were
added alternatively until the degree polymerization de-
sired (n = 10) was obtained. The aromatic oligoamides
were separated of the solid support with a 33% hydrogen
bromide in acetic acid solution (cleaving solution) during
1 h (Fig. 1 step 5). After, that time the solid supports and
the cleaving solution were separated and dried under vac-
uum. Both fractions were extracted with NMP; these solu-
tions were mixed and neutralized in methanol during 6 h.
The aromatic oligoamides were isolated by pouring the
methanolic mixture into 500 mL of distilled water.

2.4. Characterizations

The aromatic oligoamides were characterized using a
Nicolet 460 FTIR spectrometer, the spectra were acquired
with 4 cm�1 resolution at 100 scans in the absorption
mode between 4000–400 cm�1, utilizing KBr tablets with
2% (w/w) of aromatic oligoamides. The spectra were cor-
rected for KBr background using the OMNIC software.
The 1H-NMR spectra was recorded on a Bruker Advance
400 spectrometer in DMF-d7 with 4.5% (w/v) LiCl solution
and TMS as internal standard, chemical shifts are recorded
in ppm values. Gel permeation chromatography (GPC)
analysis of the samples was performed on a HP Agilent
1100 HPLC system equipped with a differential refractive
index detector. DMF with 4.5% (w/v) LiCl was used as the
mobil phase at a flow rate of 1 mL/min. The sample con-
centration was 1 mg/mL and the injection volume was
20 lL. Calibration was accomplished with polystyrene
(PS) standards (from Polymer Laboratories) and molecular
weights ranged from 104 to 5.8 � 102. A Zorbax PSM 60-S
6.2 � 250 mm column was used for calibration and calcu-
lation. Differential scanning calorimetry (DSC) was
performed in a differential scanning calorimeter DSC-7
Perkin-Elmer. Experiments were performed on 7.5 mg
samples at a heating rate of 10 �C/min over the
temperature range of 50–300 �C under nitrogen atmo-
sphere. Thermogravimetric analysis was performed on a



Fig. 1. Schematic strategy for the solid phase synthesis of HFA-ISO aromatic oligoamides.
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thermobalance TGA 7 (Perkin-Elmer, Inc.) under nitrogen
atmosphere in the temperature range between 50 and
600 �C with a heating rate of 10 �C/min.

3. Results and discussion

The first solid phase synthesis was carried out by Mer-
rifield [6] using the stepwise addition of protected amino
acids to a growing peptide chain which was bound by a
covalent bond to a solid resin particle. The covalent bond
is very important for the attachment of the first monomer
to the solid phase. Among the solid supports available
commercially we choose the SynPhaseTM Lanterns because
they are an open ribbon-like stable structure with a large
surface area. They are insoluble in the presence of the sol-
vents used; moreover, they have a controlled concentra-
tion of functional groups attached to the surface of each
support [15]. In order to evaluate the utility of SynPhaseTM

Lanterns hydroxymethylated in the solid phase synthesis
of aromatic oligoamides, first we carry out a benzoylation
reaction using isophthaloyl chloride, which reacted with
the hydroxyl groups of the solid support in the presence
of triethylamine as an acid acceptor. This reaction was
measured by attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy. Fig. 2 shows FTIR spectra
of the SynPhaseTM Lanterns hydroxymethylated and that of
the SynPhaseTM Lanterns grafted with isophthaloyl chloride.
In this figure it can be observed that after the benzoylation
reaction the intensities of the characteristic absorptions of
O–H groups at 3400 cm�1 in the SynPhaseTM Lanterns dis-
appear from the hydroxymethylated support, whereas
new peaks emerge due to the presence of ester groups at
1720 cm�1 (C@O) and 1240 cm�1 (C–O). This result implies
that reaction between free hydroxyl groups on the surface
of the SynPhaseTM Lanterns and acyl groups of isophthaloyl
chloride has taken place with the formation of an ester
bond [13].

The synthesis of oligo(hexafluoro-isopropylidene isoph-
thalamide) (oligo HFA-ISO) was carried out by a series of
alternating steps by attaching of 4,40-hexafluoroisopropy-
lidene diamine or isophthaloyl chloride on the growing
chain attached to the initial ester bond on the SynPhaseTM

Lanterns support until reaching the desired polymerization
degree n = 10. The use of symmetric nonprotected monomers



Fig. 2. ATR-FTIR spectrum of hydroxymethylated (A) and benzoylated SynPhaseTM Lanterns (B).
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simplifies the reaction and decrease the number of
coupling steps as compared to the reported oligo(p-benz-
amide) reactions [12]. Furthermore, on each coupling step
the reaction was enforced by employing a high excess
(1:10) of each particular monomer [13,14]. On the other
hand, the low concentration of �OH groups on the Syn-
PhaseTM Lanterns supports decreases the probability of hav-
ing chain to chain coupling reactions, which has been
previously reported [13]. Moreover, the chain stiffness of
HFA-ISO aromatic oligoamides will decrease the flexibility
of amide bond rotation, and thereby also helps to avoid
chain to chain coupling reactions. Another, advantage of
the use of this solid support is that the reactions take place
on the surface of the solid support [15], enhancing the con-
tact between the monomer and the growing oligomer
chain, while in the Wang resin to carry out the reaction
it requires the penetration of solvent and monomers into
the resin matrix.

The HFA-ISO oligoamides were cleaved from the sup-
port with a 33% (w/v) hydrogen bromide in acetic acid
solution that was neutralized in methanol and precipitated
in water. This material was dissolved in DMF with 4.5% (w/
v) LiCl and the molecular weight and molecular weight dis-
tribution evaluated by GPC. The synthesis of HFA-ISO aro-
matic oligoamides on SynPhaseTM Lanterns supports was
carried out by duplicate and the GPC determinations in
both cases only show one distribution peak as depicted
in Fig. 3. The weight average molecular weight (Mw) de-
tected was 5.48 � 103 g/mol and the number average
molecular weight (Mn) was 5.32 � 103 g/mol relative to
PS standards. Therefore, the polydispersity index (PDI) of
the HFA-ISO oligoamides was 1.03, this finding confirms
that the solid phase synthesis can be used to synthesize
HFA-ISO aromatic oligoamides with controlled molecular
weight and narrow molecular weight distribution. Since
the Mw obtained was almost identical to Mw calculated by
HFA-ISO oligoamides of n = 10, it is clear that the control
in the molecular weight was successfully obtained in this
work. Solid phase organic synthesis of nonbiological oligo-
mers has advantages over the solution-phase methods
with respect to sequence control, ease of purification, and
speed. The products can be well-defined oligomers that
are not possible to obtained in the polymer syntheses by
classical polycondensation where the statistical distribu-
tion of reactions lead to a broad distribution of molecular
weights and chain sizes [16,17]. Utilizing this same ap-
proach with a Wang resin König et al. [12] reported the
synthesis of an oligo(p-benzamide) of 10 units with 10
coupling steps and 10 Fmoc deprotection steps. On another
report, Hartmann et al. [14] achieved 8 coupling cycles
using a stepwise reaction of dicarboxylates and diamines
to synthesize poly(amidoamines) with controlled segment
length.

The chemical nature of the HFA-ISO aromatic oligoa-
mides was evaluated using FTIR and 1H-NMR. Fig. 4 shows
the FTIR spectrum of HFA-ISO oligoamides. It presents
intensities of the characteristic peaks that agree with those
reported for the standard polycondensation to obtain HFA-
ISO aromatic polyamides [3], a carbonyl absorption band at
1660 cm�1 and a broad absorption band attributed to the
amine group at 3300 cm�1. The 1H-NMR confirms the
chemical structure of the HFA-ISO aromatic oligoamide
(Fig. 5). The singlet at 11.77 and 11.53 ppm are attributed
to the amide bond –NH–, the peaks between 7.0 and
9.0 ppm are characteristic of the protons of the phenyl
groups while the singlet at 9.56 ppm is attributed to the
terminal OH– groups in the oligomer, this fact may render
them as potential candidates for building block copolymers



Fig. 3. GPC profile of monodisperse HFA-ISO aromatic oligoamides.

Fig. 4. FTIR spectrum of the HFA-ISO aromatic oligoamides.
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[18,19]. It is also interesting to point out that the absence
of peaks in the range of 5.5–4.5 ppm confirmed that the
HFA-ISO aromatic oligoamides have not terminal NH2-
amine groups [20]. The molecular weight determined by
GPC and 1H-NMR measurements was in close agreement.
An internal calculation of the ratio of amine in the skeletal
bond –NH– to –OH terminal groups in the HFA-ISO aro-
matic oligoamides structure indicates that there are 8.4
–NH– groups for each –OH group. This would indicate that
there are nine repeating units on each oligomer. Taking
into account the uncertainty involved in 1H-NMR measure-
ments it will confirm that the target number of units was
closely achieved.

The thermal properties of a HFA-ISO aromatic oligoa-
mides were evaluated by TGA and DSC. The glass transition
temperature, Tg, observed for the HFA-ISO oligoamides was
188 �C (Fig. 6). The sharpness of the transition indicates
that there is little polydispersity in the sample. The lower
Tg value for the aromatic oligoamides has been expected
as indicative for their lower molecular weight as compared



Fig. 5. 1H-NMR spectrum of the HFA-ISO aromatic oligoamides.

Fig. 6. DSC trace of HFA-ISO oligoamides (second heating run at a scan rate of 10 �C/min using 5.0 mg samples under a nitrogen atmosphere).
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to that of the aromatic HFA-ISO polyamides of high molec-
ular weight (Mw = 1.23 � 105) that have Tg values in the
range of 272–303 �C [2,3,21]. Moreover, it was reported
that the Tg of aromatic polyamides increase sharply up to
a certain critical molecular weight and then appears to
be virtually unaffected by further increases in molecular
weight [22]. The thermal stability of the HFA-ISO aromatic
oligoamides was evaluated by TGA, and the thermogram
for their decomposition is shown in Fig. 7. Taking the onset
of decomposition temperature (Td,onset) as a criterion of
thermal stability, the HFA-ISO aromatic oligoamides with
n = 10 display a Td,onset at 388 �C which is less stable than
the corresponding reference HFA-ISO polyamides (Td,onset =
492 �C) [3]. Moreover, the HFA-ISO oligoamides present a
38% weight loss at 500 �C while the maximum weight loss
reported by HFA-ISO aromatic polyamides at this temper-
ature was 11% [3]. These results indicate that the lower
molecular weight diminishes the thermal stability in the
oligoamides.
4. Conclusion

In summary, we have described the stepwise preparation
of HFA-ISO aromatic oligoamides with controlled molecular
weight and a narrow molecular weight distribution
(PDI = 1.03). The synthesis of the oligomers was carried
out on a solid support of SynPhaseTM Lanterns Hydroxyme-
thylated. In this procedure the stepwise growth of HFA-
ISO aromatic oligoamides was carried out by subsequent
coupling steps of diamines with diacyl chlorides. This proce-
dure allowed good control over the molecular weight and



Fig. 7. TGA thermogram of the HFA-ISO aromatic oligoamides.
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polydispersity of HFA-ISO segments as demonstrated by
GPC. In addition, this strategy permitted a good efficiency
in the HFA-ISO aromatic oligoamides building-up with
OH-end groups as confirmed by FTIR and 1H-NMR. This solid
phase supported synthesis approach, including the alternat-
ing coupling steps, provides the opportunity to design and
produce well-defined building blocks with defined func-
tionality and properties. Moreover, these HFA-ISO aromatic
oligoamides should be useful for applications in the synthe-
sis of block copolymers allowing the study of relationships
between chain length and physical properties in block
copolymer systems.
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