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ABSTRACT: We report the synthesis and characterization of 10 novel polyamides con-
taining the benzo-18-crown-6 subunit and its dipodal counterpart, along with their
properties, and a comparison with homologous polyamides bearing benzo-12-crown-4,
benzo-15-crown-5, and the corresponding dipodal systems. The anomalous polymer-
ization of some of the diacid monomers, that leads to insoluble gels under standard
Yamazaki polymerization conditions, is described. The gel formation has been attrib-
uted to the threading of cyclic oligoamides with a growing polyamide chain to yield
rotaxanes, polyrotaxanes, catenanes, or polycatenanes. Polyamide macrocycles have
been characterized with matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. A route to avoid gel formation, consisting of a lower initial monomer con-
centration, is also described, along with the polymer properties of the polyamides
obtained, including the chemical characterization, mechanical behavior, water sorption,
morphology, diffusion data, and permeability of membranes prepared with these poly-
mers. © 2006 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 44: 6252-6269, 2006
Keywords: catenanes; cycles; gelation; mechanical properties; membranes; mono-
mers; polyamides; rotaxanes; thermal properties; WAXS
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such as porphyrins and valinomycin, to selec-
tively bind cations has particularly attracted the
attention of researchers.

From a chemical point of view, the lone pairs of
the ether groups of chemical products can interact
intermolecularly or intramolecularly with electron-
deficient atoms or chemical groups, resulting in the
overall stabilization of the system. The interaction
of the ether groups with cations through ion—dipole
interactions is particularly favored when various
ether groups are regularly located in an aliphatic
cycle structure in the so-called crown ethers. Thus,
the crown ethers or coronands are cyclic polyoxa—
polymethylene structures, in which the constitution
of the commonest crown ethers is the oligooxyethy-
lene sequences. The ability of these structures to
selectively interact with cations through ion—dipole
interactions has attracted the attention of research-
ers since its discovery by Charles J. Pedersen."?
The open-chain counterparts of the crown ethers
are called podands, or podal structures, and are
acyclic host molecular structures with binding sites
for guest molecules.?

The present and future technological applica-
tions of crown ethers and podands include the
sensing and manufacture of ion-selective electro-
des; the development of liquid membranes or sup-
ported liquid membranes employing the selective
transport capabilities of these molecules; the pro-
duction of selective extraction systems of chemi-
cals for purification, recovery, or decontamination;
and the production of catalysts for organic and
inorganic reactions.

However, discrete crown or podand compounds
lack chemical stability, need physical support for
most applications, migrate and can be extracted
from this support, and are soluble in most or-
ganic and inorganic solvents; this complicates
their separation and recovery. However, the prep-
aration of polymers with crown or podand moi-
eties chemically anchored to a polymer backbone
solves these problems.

On the basis of these considerations, it would
seem that high-performance aromatic polyamide
backbones, along with pendant dipodal or crown
moieties, are excellent candidates for advanced
technological application under extreme condi-
tions, such as cation sensing and waste recovery of
cations through a reversible and reusable solid—
liquid extraction technology, for cation membrane
transport applications for purification or recovery,
and for synthetic purposes.

In previous articles,*® we reported the synthesis
and characterization of new aromatic polyamides
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bearing benzo-12-crown-4, benzo-15-crown-15, and
their dipodal counterparts as pendant substruc-
tures. In this work, we extend that study to poly-
amides containing pendant moieties of benzo-18-
crown-6 and their dipodal counterparts.

This work describes the tendency of the higher
ring-membered crown ether and podand mono-
mers to give insoluble gels during polymerization
because of the high propensity to yield cyclic sys-
tems and thus to give a network though cycle
threading to finally produce rotaxanes, polyrotax-
anes, catenanes, and polycatenanes.

This gel formation has been overcome by the
modification of the polymerization conditions. Thus,
soluble polyamides with pendant crown of podand
moieties have been obtained, and the thermal, me-
chanical, and transport properties, along with the
water sorption, have been studied and correlated
with the chemical structure of the structural unit,
with a focus on the pendant crown ether subunits
and their dipodal counterpart moieties.

In addition, the thermal or mechanical proper-
ties, together with the water uptake, have been
studied and correlated with the chemical structure
for polyamides with pendant benzo-12-crown-4,
benzo-15-crown-5, benzo-18-crown-6, and their
dipodal counterparts. Moreover, we have analyzed
the morphology and permeability of membranes
prepared with these polymers and also report
water sorption and diffusion data.

EXPERIMENTAL

Materials

All materials and solvents were commercially
available and were used as received, unless other-
wise indicated. N-Methyl-2-pyrrolidone (NMP) was
vacuum-distilled twice over phosphorous pentoxide
and then stored over 4-A molecular sieves. Lithium
chloride was dried at 400 °C for 12 h before use. Tri-
phenylphosphite (TPP) was vacuum-distilled twice
over calcium hydride and then stored over 4-A mo-
lecular sieves. Pyridine was dried under reflux over
sodium hydroxide for 24 h and distilled over 4-A
molecular sieves. m-Phenylenediamine (MPD), p-
phenylenediamine (PPD), 4,4’-diaminediphenyl
sulfone (DDS), and 4,4'-diaminediphenyl ether
(DDE) were commercially available and were puri-
fied by double-vacuum sublimation. 2,2-Bis(4-ami-
nobenzo)-1,1,1,3,3,3-hexafluoropropane (6F) was
crystallized from ethanol. The synthesis of 1,14-
dichloro-3,6,9,12-tetraoxatetradecane, 1-chloro-3,6,
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9-trioxaundecane, and ethyl 3,4-dihydroxybenzoate
was accomplished according to the procedures pre-
viously described.®

Intermediates and Monomers
4-Ethoxycarbonyl-benzo-18-crown-6

A 1-L flask fitted with a condenser and a mechani-
cal stirrer was charged with 500 mL of dimethyl-
formamide (DMF) and potassium carbonate (33.4
g, 240 mmol). Upon stirring and heating to 150 °C,
a mixture of ethyl 3,4-dihydroxybenzoate (20.0 g,
110 mmol) and 1,14-dichloro-3,6,9,12-tetraoxate-
tradecane (30.2 g, 110 mmol) was dropped slowly
into the reaction flask. After that, the system was
maintained at 150 °C for 24 h. The solvent was
then removed, and the crude product that was ob-
tained was extracted with dichloromethane. The
organic phase was washed twice with alkaline wa-
ter, vacuum-concentrated to dryness, and finally
extracted with boiling hexane. Upon the cooling of
the hexane solution, white crystals of 4-ethoxycar-
bonyl-benzo-18-crown-6 were obtained. The ex-
traction procedure with hexane was repeated until
no more crystals were obtained upon the cooling of
the organic phase.

Yield: 19.0 g (45%). mp: 69 = 1 °C. 'H NMR
[deuterated chloroform (CDCly), 6, ppm]: 7.61
(dd, 1H); 7.51 (d, 1H); 6.82 (d, 1H); 4.28 (q, 2H);
4.16 (m, 4H); 3.90 (m, 4H); 3.73 (m, 4H); 3.68
(m, 4H); 3.64 (s, 4H); 1.33 (t, 3H). 'C NMR
(CDCl3, 6, ppm): 166.34; 152.90; 148.26; 123.80;
122.98; 114.47; 112.11; 70.95; 70.80; 70.69;
69.48; 69.37; 68.93; 68.87; 60.59; 14.26. Elec-
tron-impact low-resolution mass spectrometry
(EI-LRMS) m/z: 384 (M+; 42); 209 (13); 208 (99);
193 (24); 180 (39); 165 (16); 163 (100); 73 (17).

Ethyl 3,4-Bis-(2-(2-(2-ethoxyethoxy)ethoxy)
ethoxy)benzoate

This compound was prepared in a manner simi-
lar to that for 4-ethoxycarbonyl-benzo-18-crown-
6 from ethyl 3,4-dihydroxybenzoate (20.0 g, 110
mmol), 1-chloro-3,6,9-trioxaundecane (43.2 g,
220 mmol), potassium carbonate (37.9 g, 275
mmol), and DMF (250 mL). However, the crude
product was not extracted with hexane but was
employed directly in the next synthetic step
without further purification.

Yield: 52.5 g (95%). '"H NMR (CDCl;, ppm, 4):
7.63 (dd, 1H); 7.54 (d, 1H); 6.88 (d, 1H); 4.31 (q,
2H); 4.19 (m, 4H); 3.86 (m, 4H); 3.72 (m, 4H);

3.63 (m, 8H); 3.56 (m, 4H); 3.49 (q, 4H); 1.35 (t,
2H); 1.17 (t, 6H). *C NMR (CDCl;, ppm, 0):
166.36; 152.87; 148.11; 123.95; 123.36; 114.98;
112.68; 70.99; 70.94; 70.74; 69.87; 69.67; 69.57;
68.85; 68.60; 66.68; 60.83; 15.23; 14.46. EI-
LRMS m/z: 502 (M+; 19); 208 (18); 163 (11); 161
(26); 117 (48); 73 (100).

4-Carboxybenzo-18-crown-6

A 1-L, round-bottom flask fitted with a condenser
was charged with 4-ethoxycarbonyl-benzo-18-
crown-6 (28.8 g, 75 mmol), ethanol (150 mL), and
a solution of sodium hydroxide in water (150 mL,
25%). The mixture was then refluxed for 6 h, after
which the solvent was removed in vacuo. The
crude product was dissolved in 100 mL of water,
and the mixture was acidified to pH 3 with hydro-
chloric acid (HCI) and extracted with dichlorome-
thane. The organic phase was concentrated on a
rotary evaporator, and a white solid appeared.
The product was collected and dried overnight.

Yield: 23.0 g (86%). mp: 111 = 1 °C. 'H NMR
[deuterated dimethyl sulfoxide (DMSO-dg), ppm,
0]: 7.62 (dd, 1H); 7.48 (d, 1H); 6.79 (d, 1H); 4.13 (m,
4H); 3.87 (m, 4H); 3.71 (m, 4H); 3.65 (m, 4H); 3.63
(s, 4H). 3C NMR (DMSO-dg, ppm, 6): 170.29;
152.68; 147.49; 123.90; 121.36; 113.74; 111.19;
70.01-69.86 (m); 68.68; 68.56; 68.21; 68.05. EI-
LRMS m/z: 356 (M+; 23); 224 (20); 180 (25); 165
(85); 137 (90); 124 (32); 79 (100).

3,4-Bis-(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)
benzoic Acid

This compound was prepared in a manner simi-
lar to that for 4-carboxybenzo-18-crown-6 from
3,4-bis-(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)ben-
zoic acid ethyl ester (50.2 g, 100 mmol), ethanol
(150 mL), and a solution of sodium hydroxide
in water (150 mL, 25%).

Yield: 40.3 g (85%). 'H NMR (DMSO-dg, ppm,
0): 7.63 (dd, 1H); 7.54 (d, 1H); 6.86 (d, 1H); 4.17
(m, 4H); 3.85 (m, 4H); 3.71 (m, 4H); 3.62 (m,
8H); 3.55 (m, 4H); 3.48 (q, 4H); 1.16 (t, 6H). *C
NMR (DMSO-dg, ppm, 6): 170.17; 153.09;
148.05; 124.59; 122.57; 114.87; 112.33; 70.82;
70.78; 70.58; 69.73; 69.55; 69.40; 68.61; 68.39;
66.64; 15.09. EI-LRMS m/z: 474 (M+; 18); 180
(34); 161 (31); 117 (55); 73 (100); 59 (19).

4-Chlorocarbonylbenzo-18-crown-6

4-Carboxybenzo-18-crown-6 (17.8 g, 50 mmol)
was refluxed with 14.6 mL (200 mmol) of thionyl
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chloride and three drops of DMF. After 4 h, the
remaining thionyl chloride was vacuum-distilled.
The crude product was immediately used in the
next synthetic step without further purification.
Yield: 18.3 g (98%). '"H NMR (CDClg, ppm, 6):
7.74 (dd, 1H); 7.48 (d, 1H); 6.86 (d, 1H); 4.17 (dt,
4H); 3.90 (q, 4H); 3.71 (m, 4H); 3.67 (m, 4H); 3.64
(s, 4H). '3C NMR (CDCls, ppm, 6): 167.12; 155.23;
148.51; 127.34; 125.29; 115.07; 111.85; 70.07;
70.75; 70.66; 70.55; 69.27; 69.17; 69.09; 68.99.

3,4-Bis-(2-(2-(2-ethoxyethoxy)ethoxy)
ethoxy)benzoyl Chloride

This compound was prepared in a manner similar
to that for 4-chlorocarbonylbenzo-18-crown-6
from 3,4-bis-(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)
benzoic acid (35.5 g, 75 mmol), thionyl chloride,
(21.9 mL, 300 mmol), and three drops of DMF.

Yield: quantitative. '"H NMR (CDCls, , ppm):
7.67 (dd, 1H); 7.48 (d, 1H); 6.86 (d, 1H); 4.13 (dt,
4H); 3.79 (m, 4H); 3.64 (m, 4H); 3.55 (m, 8H);
3.47 (m, 4H); 3.41 (q, 4H); 1.08 (t, 6H). '*C NMR
(CDCl3, ppm, §): 166.85; 155.11; 148.33; 127.15;
125.18; 115.71; 112.22; 70.75; 70.47; 69.59;
69.37; 69.15; 68.89; 68.60; 66.38; 14.99.

4-(3,5'-Dicarboxyfenilaminocarbonyl)
benzo-18-crown-6

4-Chlorocarbonyl-benzo-18-crown-6 (28.1 g, 75
mmol) was poured over a solution of 13.6 g (75
mmol) of 5-aminoisophthalic acid in 70 mL of
dimethylacetamide (DMA) under a blanket of
nitrogen. The mixture was stirred for 30 min at
room temperature, and then it was heated at
60 °C for 3 h. After cooling to room temperature,
the mixture was slowly poured into 500 mL of
distilled water, and a pale yellow precipitate
was formed. The product was filtered off and
dried at 50 °C. Finally, it was purified by solu-
tion/precipitation in DMA/water (four times).

Yield: 28.2 g (72%). mp: >300 °C. 'H NMR
(DMSO-dg, ppm, 0): 10.41 (s, 1H); 8.67 (s, 2H);
8.21 (s, 1H); 7.64 (dd, 1H); 7.58 (d, 1H); 7.08 (d,
1H); 4.17 (m, 4H); 3.76 (m, 4H); 3.58 (m, 4H);
3.52 (m, 8H). ®*C NMR (DMSO-dg, ppm, 0):
166.77; 165.32; 151.40; 147.70; 140.15; 131.76;
126.31; 124.93; 121.57; 112.03; 111.95; 70.04;
69.92; 69.84; 68.73; 68.60; 68.27. EI-LRMS m/z:
519 (M+; 12); 431 (16); 339 (41); 252 (14); 251
(91); 181 (19); 180 (83); 165 (41); 164 (15); 163
(100); 137 (16); 135 (13); 79 (20).
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5-[3,4-Bis-(2-(2-(2-ethoxyethoxy)ethoxy)
ethoxy)benzoylaminoJisophthalic Acid

This compound was prepared and purified in a
manner similar to that for 4-(3',5'-dicarboxyfeni-
laminocarbonyl)benzo-18-crown-6 from 3,4-bis-
(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)benzoylchlor-
ide (24.6 g, 50 mmol) and a solution of 9.1 g
(50 mmol) of 5-aminoisophthalic acid in 65 mL of
DMA.

Yield: 19.2 g (60%). '"H NMR (DMSO-dg, ppm,
0): 10.40 (s, 1H); 8.66 (s, 2H); 8.20 (s, 1H); 7.65
(t, 2H); 7.13 (d, 1H); 4.19 (m, 4H); 3.79 (m, 4H);
3.62 (m, 4H); 3.44 (m, 16H); 1.07 (hex, 6H). '*C
NMR (DMSO-dg, ppm, ¢): 166.62; 165.10;
151.55; 147.71; 140.04; 131.64; 126.52; 113.28;
112.79; 70.08; 69.90; 69.27; 68.99; 68.88; 68.49;
68.28; 65.59; 15.15. EI-LRMS m/z: 661 (19); 660
(54); 638 (M+; 16); 307 (17); 176 (15); 163 (12);
155 (26); 154 (100).

The overall synthetic steps for the monomers
are shown in Schemes 1 and 2.

Polymer Synthesis

A typical polymerization reaction is described. In
a 50-mL, three-necked flask fitted with a mechan-
ical stirrer, 10 mmol of diamine, 10 mmol of
diacid, and 1.4 g of lithium chloride were dis-
solved in a mixture of 6 mL of pyridine, 22 mmol
of TPP, and 20 mL of NMP. The solution was
stirred and heated at 110 °C under a dry nitrogen
blanket for 4 h. As an insoluble gel was obtained
under these conditions, the reaction was repeated
with a higher NMP content, the quantities of the
other chemicals being maintained, until a viscous
solution was obtained. Then, the system was
cooled at room temperature, and the solution was
precipitated in 300 mL of methanol to render a
swollen, fibrous precipitate. The obtained poly-
mer was filtered off and washed with distilled
water and acetone. Then, it was Soxhlet-ex-
tracted with acetone for 24 h and dried in a vac-
uum oven at 80 °C overnight. The yields were
quantitative for all the polymers.

Polymers derived from 4-(3',5'-dicarboxyfeni-
laminocarbonyl)benzo-12-crown-4 (C4), 4-(3',5'-
dicarboxyfenilaminocarbonyl)benzo-15-crown-5
(C5),  5-[3,4-bis-(2-ethoxyethoxy)benzoylamino]
isophthalic acid (P4), and 5-[3,4-bis-(2-(2-ethoxy)
ethoxy)benzoylaminolisophthalic acid monomer
(P6) have been described previously.*®

The polymer structures and acronyms are de-
picted in Scheme 3.
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1) EtOH, NaOH /H»0

2) 50CI

CO,H

DMA

K-COs, DMF
HO,G CO;H
HO,C
NH
0 - NH,
07
Co)
Cé6
Scheme 1.

minocarbonyl)benzo-18-crown-6.

Measurements and Instrumentation

'H and *C NMR spectra were recorded with a
Varian Inova 400 spectrometer operating at
399.92 and 100.57 MHz, respectively, with CDCl3
or DMSO-dg as the solvent.

EI-LRMS spectra were obtained at 70 eV on
an Agilent 6890N mass spectrometer. High-reso-
lution mass spectrometry was carried out on a
Micromass AutoSpect Waters mass spectrometer.

Fourier transform infrared (FTIR) spectra were
recorded with a Nicolet Impact spectrometer.

Elemental analyses were performed on a Leco
CHNS-932 microanalyzer.

RJ

Experimental sequences for the synthesis of 4-(3',5'-dicarboxyphenola-

The inherent viscosities were measured with
an Ubbelohde viscometer at 25 = 0.1 °C with
NMP as a solvent at a 0.5 g/dL concentration.

Differential scanning calorimetry (DSC) data
were recorded on a PerkinElmer Pyris I analyzer
from a 10-mg sample under a nitrogen atmos-
phere at a scanning rate of 20 °C/min. Thermog-
ravimetric analysis (TGA) data were recorded
under a nitrogen or oxygen atmosphere on a Met-
tler—Toledo TGA\SBTAS851 analyzer from a 5-mg
sample at a scanning rate of 10 °C/min.

The polymer solubility was determined by
the mixing of 10 mg with 1 mL of the solvent,
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"0,Et

K2CO3, DMF

HOOC. COOH

HO,C

CD NH'&

1) EtOH, NaOH /H.0

2) SOCh

CO.H

DMA

P8

Scheme 2. Experimental sequences for the synthesis of 5-[3,4-bis-(2-(2-(2-ethoxye-
thoxy)ethoxy)ethoxy)benzoylaminolisophthalic acid.

followed by stirring for 24 h at room tempera-
ture.

Polymer films were prepared by the evapora-
tion of cast solutions in DMA. In most cases, a
concentration of 10% by polymer weight was
used, and the solvent was eliminated through
heating at 100 °C for 4 h in an air-circulating
oven and then at 120 °C for 4 h in vacuo (1
mmHg). To determine the tensile properties of
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the polymers, strips (5 mm wide and 30 mm long)
were cut from polymer films 30-100 ym thick and
tested on an MTS Synergie 200 universal testing
dynamometer at 20 °C. Mechanical clamps were
used, and an extension rate of 5 mm/min was
applied with a gauge length of 10 mm. At least
six samples were tested for each polymer, and the
data was then averaged out. The degrees of crys-
tallinity of the polymer films were evaluated with
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Ar' i

Series 1 (n=1)

Ar: 3

Series 2 (n=2)

; 1 (C4) I (P4)
n={2 (C5) n={2 (P6)
3 (C6) 3 (P8)

g
h

CF, 6F

Series 3 (n=3)

Polymer Ar Ar'  Polymer Ar Ar' Polymer Ar Ar'
C4MPD C4 MPD C5MPD C5 MPD Ce6MPD Cé6 MPD
Crown C4PPD C4 PPD C5PPD C5 PPD C6PPD C6 PPD
Family C4DDS C4 DDS CsDDS C5 DDS C6DDS C6 DDS
C4DDE C4 DDE CSDDE C5 DDE C6DDE C6 DDE
C4/6F C4 ©6F C5/6F CS5 6F C6/6F C6 6F
PAMPD P4 MPD P6MPD P6 MPD PSMPD P8 MPD
Dipodal P4PPD P4 PPD P6PPD P6 PPD P8PPD P8 PPD
Family P4DDS P4 DDS P6DDS P6 DDS PS8DDS P8 DDS
PADDE P4 DDE P6DDE P6 DDE PEDDE P8 DDE
P4/6F P4 6F P6/6F  P6 6F P8/6F P8 OF

Scheme 3. Chemical structures and acronyms of the polyamides.

a Philips X-Pert X-ray diffractometer operating
at 40 kV with Co as a radiation source and a
graphite filter. The scans were obtained with a
scan step size of 0.0258 and a scan step time of
0.5A The morphologies of the polymer films, pre-
viously coated with a gold film, were analyzed by
scanning electron microscopy (SEM) with a JEOL
model 5310 scanning microscope operating under
a low vacuum at 20 kV.

Water sorption measurements were deter-
mined gravimetrically at room temperature.

Powdered polymeric samples of about 300 mg,
previously dried at 120 °C for 24 over phospho-
rus pentoxide, were placed in a closed box con-
taining a saturated aqueous solution of NaNO,
at 20 °C, which provided a relative humidity of
65%. The samples were periodically weighed
over a period of 24 h and were then allowed to
remain in contact with this atmosphere for a
further 8 days until they had equilibrated with
their surroundings and presented no further
changes in weight.
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DOI 10.1002/pola



The matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF)
mass spectra were recorded with a Brucker Biflex
III in the reflectron mode. A nitrogen laser with a
wavelength of 337 nm was used for irradiation to-
gether with an acceleration voltage of 20 kV. The
irradiation targets were prepared with dithranol
as the matrix and potassium trifluoroacetate as
the dopant. The samples were dissolved in a mix-
ture of chloroform and trifluoroethanol (1/1).

The permeability of the HCI solutions was
measured with a previously reported system.”
This consisted of two 250-mL cells filled with a
surfactant solution (A) and water (B). These were
connected by two 7-mm-radius horizontal tubes,
with the polymer membrane sealed, with silicone,
between these two tubes. Control experiments
were performed to ensure that there was no sili-
cone in the permeation area and that mass trans-
port occurred only at the polymer—solution inter-
face. To prevent any contribution from the hydro-
static pressure to the mass flux, cell A was filled
with 200 mL of the HCI solution, and the other
cell was filled with 200 mL of water. The change
in the ionic solute concentration in cell B was
determined during the permeability experiment
by the measurement of the electrical conductivity
with a YSI 3200 instrument. This was calibrated
before each experiment with at least five freshly
prepared solutions of HCl with different concen-
trations. These were prepared by dilutions from a
concentrated HCI solution (32% from Riedel de-
Haien). The accurate concentrations were ob-
tained by volumetric titration with sodium tetra-
borate (Sigma—Aldrich; 99%). The same condi-
tions were used for calibration and permeability
experiments. A constant temperature (=0.1 °C)
was maintained by the immersion of the system
in a thermostat bath (Multistirrer 6, Velp Scien-
tifica). Solutions in both cells were stirred at
about 200 rpm to reduce the Nernst layer in the
membrane—solution interface and to increase the
reproducibility of the conductivity sensor.

The permeability of ionic solutes through the
polymeric membranes can be described in terms
of mutual diffusion with boundary and initial
conditions [C(0,t) = C, C([,t) = 0, and C(x,0) = 0
(where C is the HCI concentration in the mem-
brane)]:

0C /ot = 0/0x(D 0C/0x) (1)
This results in simple formulas for the calcula-
tion of the permeability coefficient (P) and diffu-
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sion coefficient (D):

P=Jlje (2)
D = 12/(60) 3)

where [ is the thickness of the polymeric mem-
brane measured after each experiment at 25 °C
with a Helias micrometer (+0.001 mm), J is the
steady-state flux through the membrane, 0 is the
time lag, and c¢ is the bulk HCI concentration.

RESULTS AND DISCUSSION

This work describes the properties and synthesis
of polyamides bearing crown ethers and their
dipodal counterparts. The aim of this work is to
compare the behavior and properties of polya-
mides derived from these monomers, which offer
the novelty of their chemical structures and the
possibility of comparing the property differences
imparted by a pendant crown ether cyclic struc-
ture and its corresponding open-chain form
while maintaining the chemical characteristics
of the oxyethylene sequences.

The crown ether moieties are benzo-12-crown-
4, benzo-15-crown-5, and benzo-18-crown-6. The
syntheses of polyamides bearing benzo-12-crown-
4, benzo-15-crown-5, and their dipodal open-chain
counterparts are described elsewere.*®

The polyamides bearing benzo-18-crown-6 and
their dipodal counterparts have been synthesized
through the combination of five commercial dia-
mines with two new diacid monomers (see
Schemes 1 and 2 for the monomer structures and
syntheses). The intermediates and the monomers
were characterized with IR and 'H and *C NMR
spectroscopy, and the chemical structures of all the
products were fully confirmed.

The structures of the polymers described here
are shown in Scheme 3, and the polymerization
conditions, inherent viscosities, and elemental
analyses are given in Table 1. As an illustrative
example, Figure 1 shows the chemical characteri-
zation of polymer C6DDE. The polymers derived
from C6 and P8 diacid monomers were synthe-
sized according to the method described by Yama-
zaki et al.,® but with differences in the initial dia-
mine and diacid concentrations (i.e., 0.5 mol of
each monomer/L of NMP under standard condi-
tions). In all the polymers derived from C6 and
P6, the initial diamine and diacid concentration
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Table 1. Inherent Viscosities, Polymerization Conditions, and Elemental Analysis of the Polyamides
Inherent Theoretical Found
Viscosity
Polymer (dL g™h IDC? C (%) H (%) N (%) S (%) C (%) H (%) N (%) S (%)
C6MPD 1.49 0.125 62.94 5.62 7.10 — 62.66 5.80 6.87 —
C6PPD 0.79 0.330 62.94 5.62 7.10 — 62.73 5.81 6.89 —
C6DDS 0.88 0.250 60.73 5.10 5.74 4.38 60.50 5.36 5.52 4.10
C6DDE 0.40 0.143 65.00 5.45 6.15 — 64.75 5.67 6.04 —
C6/6F 1.10 0.125 58.75 4.56 5.14 — 58.66 4.72 4.96 —
PSMPD 0.43 0.125 62.61 6.67 5.92 — 60.32 6.89 5.64 —
PSPPD 1.49 0.083 62.61 6.67 5.92 — 62.51 6.79 5.70 —
P8DDS 1.26 0.330 60.77 6.05 4.94 3.77 60.55 5.99 4.76 3.52
PSDDE 1.01 0.072 64.41 6.41 5.24 — 64.22 6.65 5.01 —
P8/6F 1.21 0.125 59.03 5.49 4.49 — 58.75 5.67 4.20 —

#nitial diamine and diacid concentration [moles of diamine or diacid/volume of NMP (L)] in the polymerization reaction of

the polyamides. The IDC for standard Yamazaki conditions is 0.5 M. The polymerizations were carried out with 10 mmol of dia-
mine, 10 mmol of diacid, and 1.4 g of lithium chloride, which were dissolved in a mixture of 6 mL of pyridine, 22 mmol of TPP,

and the proper quantity of NMP.

was lower than 0.5 M. When an initial diamine
and diacid concentration of 0.5 M was employed,
insoluble gels were obtained. The initial diamine
and diacid concentration was therefore reduced
to obtain soluble polymers with higher inherent
viscosities. Data for the relationship between the
inherent viscosities and initial diamine and
diacid concentration is depicted in Figure 2 for
polyamides with pendant crown ether moieties.
The tendencies to give polyamide gels under
standard Yamazaki conditions were also observed
in all the polyamides derived from C5 and some
of the polymers derived from P6 diacid mono-
mers, but not in the polymers derived from C4
and P4.*® Thus, the propensity to produce a gel
increases with an increment in the oxyethylene
sequences in crown or podal substructures.
Because of the small cavity of 15-crown-5 and
18-crown-6, the gel phenomenon cannot be attrib-
uted to the threading through the crown cavity.
The gelation of polymers bearing dipodal struc-
tures and previous experiments with model com-
pounds support this idea.’ Moreover, the poly-
merizations of methacrylates bearing 12-crown-
4° 15-crown-5, 18-crown-6, benzo-12-crown-5,
benzo-15-crown-5, and benzo-18-crown-6'° give
soluble polymethacrylates. Furthermore, the poly-
merization of a diamine monomer containing a
benzo-15-crown-5 moiety with different diacid
dichlorides and dianhydrides under low-tempera-
ture polymerization conditions leads to soluble
aromatic polyamides and polyimides.!* However,
the threading through the crown cavity has been

proposed for gelation in polymers with higher
membered crown ether ring moieties.' 14

In principle, the gel, or physical network,
could be attributed to the threading of cyclic poly-
amides or oligoamides by segments of another
polymer chain during polymerization to yield
polyrotaxanes or polycatenanes.

As stated by Kricheldorf and coworkers,® 2!
the kinetically controlled step-growth polymer-
ization tends to yield cyclic species as stable end
products. On the basis of this, Gibson et al.??
indicated the possible formation of polyrotax-
anes, catenanes, and polycatenanes due to cycli-
zation in the polymerization reaction. The high-
membered ring cycles can first form branched
polyamides that can finally progress to networks
because of crosslinked catenate species.

With the procedure described in a previous
work,? soluble polymers were obtained by the re-
duction of the initial monomer concentration (ini-
tial diamine and diacid concentration) in the
synthetic procedure. The common ratio in the
Yamazaki method—diacid (10 mmol)/diamine (10
mmol)/LiCl (1.4 g)/pyridine (6 mL)/TPP (22
mmol)/NMP (20 mL)—was altered by an increase
in the NMP content. Table 1 shows the initial
diamine and diacid concentrations employed for
the polymer synthesis for polyamides derived
from C6 and P8 diacid monomers.

The use of an initial diamine and diacid con-
centration lower than 0.5 M has two effects.
First, the cyclization is favored at the expense of
chain growth, and the average molecular weight
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Figure 1.
13C NMR.

will decrease. Second, the reduction of the con-
centrations of all species and lower molecular
weights reduce the probability of catenanization.

If the cyclic oligoamides are the species respon-
sible for gel development through polycatenane
formation, it is worth considering the influence of
the ring size of the pendant crown ether on the
tendency of the polyamides to cyclize. The trend of
forming gels during polymerization is much higher
in the polyamides derived from the benzo-18-
crown-6 containing monomer than in those from
the monomer bearing a benzo-15-crown-5 sub-
structure. With respect to polyamides with benzo-
12-crown-4 moieties, gel formation under standard
Yamazaki conditions was not observed, and
instead soluble, high-molecular-weight polyamides
were obtained.* In relation to polymers with dipo-
dal substructures, all those derived from P8 diacid
gave gels under standard Yamazaki conditions,
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Characterization of polyamide C6DDE: (a) FTIR, (b) 'H NMR, and (c)

but gel formation was observed with only one of
the polymers derived from P6 and with none of the
ones derived from P4.

For the qualitative estimation of the influence
of the polymer structure on the rate of cyclization
(Vey), eq 4 was proposed by Kricheldorf et al.:*?

N fe
VCy ~ Nuc (4)
where N¢. and N, are the number of chain con-
formations that favor cyclization and the number
of chain conformations that are unfavorable for
cyclization, respectively. If the trend to gelation is
related to the cycle content, the increase in the
lateral volume of the podal and crown moieties
with the increment of the oxyethylene sequences
and the interaction of the solvent with the oxy-
ethylene sequences during polymerization could

be responsible for an N¢/N. ratio increment.
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Figure 2. Inherent viscosity (1;,n) versus the initial
diamine and diacid concentration [moles of diamine or
diacid/volume of NMP (L)] in the polymerization reac-
tions of polyamides that give rise to gels under stand-
ard Yamazaki polymerization conditions : () C6MPD,
(@) C6PPD, (W) C6DDS, (O) C6DDE, and (A) C6/6F.

Figure 3 depicts one of the conformations of
the cyclic polyamide (C5PPD) with a polymeriza-
tion degree of 20. The modeled®® conformer is
circular and has alternating up and down ether
moieties with a cavity diameter of about 75 A.
Although many cyclic conformations can be pro-
posed, most of them have cavities with radii
that are big enough to allow threading.

As the Yamazaki method is not a clean reac-
tion,2*2% catenanization via the crown ether
rings could in principle not be the only reason
for gelation; other side reactions could also be
responsible for the crosslinking. This fact is dis-
cussed in a previous article® and has been disre-
garded because side reactions have not been
detected in the synthesis of model compounds
and because the crosslinking phenomenon is
observed only in the polymerization of some
monomers, whereas all of them have the same
amide and ether linkages as functional groups.
As the same functional groups are supposed to
render similar reactions, it is improbable that
an increasing number of ether groups in the lat-
eral chain could lead to new side reactions.

Analyses of the Cyclic Forms

To get insight into the cyclic or acyclic polymer
structure, MALDI-TOF mass spectra were ob-
tained from PSMPD and C6MPD polymer sam-
ples of different inherent viscosities.

The mass spectra of both the PSMPD and
C6MPD series show, as expected,'® 2! that cyclic
forms are predominant and detectable up to
approximately 6000 Da and up to a polymeriza-
tion degree of 8. (Figs. 4 and 5). PSMPD (Fig. 4)
indicates almost exclusively cycles, but the
C6MPD derivatives show two series of linear
species (La and Lb in Fig. 5) in addition to the
predominant cyclic forms.

In summary, the extracted soluble polyamides
of different viscosities (C6MPD and PSMPD) show
that in all samples cyclic forms are predominant
up to a polymerization degree of 8. It was not pos-
sible to detect cycles with a higher polymerization
degree. One reason may be technical limitations in
the measurement or the involvement of higher
cycles in the buildup of crosslinked rotaxanes or
catenanes, whereas the lower cyclic forms lack the
ability to thread onto polyamide chains. This idea
may be extrapolated to other polyamides of poly-
mer series 3 (see Scheme 3).

Thermal Properties

The thermal behavior of the polymers has been
evaluated with DSC and TGA.

The glass-transition temperatures (T’s) of the
polymers derived from the C6 and P8 diacid mono-
mers varied between 176 and 307 °C (Table 2).

Comparing the T, values of the polymer se-
ries and families (Fig. 6) and considering the
diacid residue of the polymeric structural unit,

Figure 3. Cyclic polyamide (C5PPD) with a poly-
merization degree of 20. [Color figure can be viewed
in the online issue, which is available at www.
interscience.wiley.com. ]
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Figure 4. MALDI-TOF mass spectrum of polyamide PSMPD displaying mass peaks
of cycles (represented by symbol C) up to a polymerization degree of = 8.

we have observed the following 7, trends:
increasing the pendant cycle size or the podal
arms decreases T, with T, of the crown polya-
mides being much higher than T, of the poly-
mers with dipodal side groups. The increase in
the number of oxyethylene sequences of the crown

or podal moieties increases the interchain distan-
ces. Furthermore, the higher conformational mo-
bility of higher ring-member cycles or longer dipo-
dal arms increases the interaction of the ether
groups with the amides. These two facts diminish
the density of interchain amide—amide hydrogen
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Figure 5. MALDI-TOF mass spectrum of polyamide C6MPD displaying mass peaks
of cycles (represented by symbol C) up to a polymerization degree of = 8. La and Lb

represent different linear species.
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Table 2. Thermal Properties and Solubility of the Polyamides Derived from the C6 and P8 Diacid Monomers

Thermal
Properties Solubility®
Polymer Ty (°C) Ty (°C) DMF DMA NMP DMSO Tetrahydrofuran p-Cresol
C6MPD 226 405 ++ ++ ++ + + ++
C6PPD 307 390 + ++ ++ +-+ — +
C6DDS 270 405 ++ ++ ++ ++ - ++
C6DDE 234 410 + ++ ++ + - +
C6/6F 231 415 ++ + ++ +— — +
P8MPD 193 400 ++ ++ ++ ++ + ++
P8PPD 185 400 +-+ +-+ ++ +-+ — +
P8DDS 176 410 ++ ++ ++ ++ - ++
PSDDE 182 405 ++ ++ ++ ++ + ++
P8/6F 185 395 + ++ ++ + — ++
%4++ = soluble at room temperature; + = soluble on heating; +— = partially soluble; — = insoluble.

bonds and thus the cohesive energy, lowering T\.
The T, differences between crown polymers and
polyamides with equivalent open-chain counter-
parts arise from the higher conformational mobil-
ity of the ether groups present in the podand moi-
eties, which facilitates interactions with the amide
groups because of hydrogen bonding. This in turn
diminishes the density of the interchain amide—
amide hydrogen bonds, thereby lowering T,. Plas-
ticization by the podal arms is also likely to con-
tribute to a lower T value.?

The expected trend in the glass transition
with the nature of the diamine has been observed.

350

300 =

250

Temperature (*C)

200 4

150 T T T T T T
c4 Cc5 Cé P4 P& P8

Polyamides (diacid residue)

Figure 6. T, of two families of polyamides derived
from diamines (®) DDS and (H) DDE.

In each polyamide series, T, decreases in the
order of PPD > DDS > 6F > DDE, which agrees
with previous studies. The Tg’s of polyamides
derived from MPD lie between the values for
PPD and DDE.*%272®

The thermal resistance, in terms of the initial
decomposition temperature (73), was evaluated
with TGA. The thermal stability under Ny is
fairly high, ranging from 390 to 415 °C for poly-
mers derived from C6 and P8 diacid monomers
(Table 2). For polyamides derived from C4, C5,
P4, and P6, the T3 values are also all close to
400 °C. The small differences in T3 can be
attributed to the fact that in all cases the
decomposition starts with the thermal cleavage
of the C—C or C—O bonds of the aliphatic oxy-
ethylene sequences.?®

Wide-Angle X-Ray Scattering (WAXS)

The crystallinity of the polyamides was eval-
uated with DSC and WAXS. No endothermic
peak was observable with DSC, and an amor-
phous pattern was recorded with WAXS in all
cases. Figure 7 shows the WAXS patterns of
C6PPD and P8PPD, representative polymers of
the crown and podal polyamide families, respec-
tively. Thus, the family of polyisophthalamides
reported here can be considered to be amor-
phous materials with good thermal resistance
and very high T,’s.

The amorphous X-ray diffraction halo is
related to the intermolecular interference. Thus,
its position is dependent on the degree of packing
of molecules in the amorphous phase: the smaller

Journal of Polymer Science: Part A: Polymer Chemistry
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Figure 7. X-ray diffraction patterns of (—) C6PPD
and (- - -) PSPPD.

the angle is, the higher the intermolecular dis-
tance is.2? Figure 8 shows the X-ray diffraction
patterns of C4PPD, C5PPD, and C6PPD. The
increase in the number of ethylene oxide from 12-
crown-4 to 18-crown-6 brings about a displace-
ment of the amorphous halo to higher diffraction
angles, which implies an incremental increase in
the interchain polymer distance. Higher inter-
chain distances mean a lower density of hydrogen
bonds and so lower cohesive energy, and this
agrees with the trends in 7.

The interchain distances do not follow the
same trend as the polymers with dipodal moi-
eties. The increment in the ethylene oxide units
in the polymers with dipodal moieties does not
lead to a higher mean chain-to-chain separation.
Moreover, the highest overall chain-to-chain dis-
tance has been observed in the polymer P6 fam-
ily. This fact may be explained by two opposing
effects of the increasing number of oxyethylene
sequences of the podal arms. On the one hand,
the increased number of oxyethylenes results in
higher lateral volume, which should increase
the interchain distances. On the other hand,
increasing the number of oxyethylene sequences
brings about an increase in the number of ether
groups and also in the overall conformational
mobility of the side arms. The higher conforma-
tional mobility of the ether groups, together
with the increase in the number of these groups,
implies an increase in the density of ether—am-
ide group interactions, which is likely to
decrease the number of amide—amide hydrogen
bonds and hence diminish the interchain inter-
actions in the same way that the addition of
water to the polyamides results in an increase
in the density of the polymer—water system,
even though the density of the dry polyamide is
greater than 1 g/cm®. Interactions of the oxygen
of the water molecules or of the ether groups
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break some of the interamide bonds, leading to
better chain packaging and a decrease in the
overall polymer volume.*°

Comparing the series of dipodal and crown
moieties, we have observed the amorphous halo
of the polymers with dipodal subunits at higher
angles than the angle corresponding to the poly-
amides with crown ether residues (Fig. 7); this
implies that the interchain distances are higher
for the polymers bearing crown moieties. The
higher conformational mobility of the two podal
arms compared with the cycle structure of the
crown ethers contributes to the decrease in the
interchain distances.

SEM

Studies of membranes of polymer C6PPD with
SEM (Fig. 9) suggest a fairly compact surface
morphology, in agreement with the low porosity
discussed in the next section. There were indica-
tions of phase separation (jellyfish-like struc-
tures), although it should be stressed that this
did not occur throughout the whole analyzed sur-
face. The phase separation could be attributed to
the evaporation of a polymer solution containing
a low percentage of semisoluble, highly swollen,
threaded polyamide cycles. However, the fact that
this kind of morphology is also seen in the elec-
tron micrographs of membranes of 15-crown-5
ether methacrylic could mean that it is a charac-
teristic of crown polymers. This will be discussed
in more detail in a future publication.

Transport Studies

The polyamide derivatives presented in this
work are characterized by a limited number of
polar groups in their chains. The study of acid
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Figure 8. X-ray diffraction patterns of C4PPD,
C5PPD, and C6PPD (which are represented by red,
blue, and black lines, respectively).
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Figure 9. Comparison of the C6PPD surface morphology (left) and that found on
the surface of a 15-crown-5 ether methacrylic polymer film [poly(1,4,7,10,13-pentaox-
acyclopentadecan-2-ylmethyl methacrylate); right].

transport through membranes of these poly-
mers, through the diffusion coefficients, will pro-
vide information on the effect of the number of
polar groups on the transport mechanism. In
addition, these measurements provide details
via the permeability coefficients on the degree of
compaction of the polymeric structure in mem-
branes. Generally, with steady-state transport
processes through membranes, there is a time
lag associated with the dissolution of the perme-
ant species to a constant level before a steady
state is achieved. In addition, an increase in the
induction period will be found with an increase
in the interaction between the permeant species
and the polymeric structure.®!

The effect of the crown and size on the trans-
port of HCl (250 mM) was studied. The calcu-
lated transport property values are presented in
Table 3. The increase in the crown size results
in an increase in both the permeability and dif-
fusion coefficients. This shows that a possible
interpretation of the effects on the diffusion and
permeability coefficients may be made on the ba-
sis of the free volume concept.?> With increasing
crown ether size, the distance between the poly-
meric chains will increase, and consequently,

the permeation will tend to increase, whereas at
the same time the ability to bind and to find
hydrogen ions will decrease: This can be meas-
ured by a decrease in the time lag. This results
from the increase in both the crown size and the
free space between polymeric chains, that is, the
increase in the overall free volume. In addition,
the results suggest that the increase in the
crown size will increase the plasticizing effect on
the polymer structure, in close agreement with
DSC results.

The transport of HCl through dipodal-con-
taining polyamides shows that the presence of
an increasing number of ether groups leads both
to an extension in the time lag and to changes
in the final steady-state permeation. This
increase of both the steady-state permeation
and time lag may imply strong interactions
between the permeant molecule and polymer.3?
As previously pointed out, the increase in the
number of oxyethylene groups will increase the
conformational mobility of these groups, facili-
tating the interaction of these groups with am-
ide moieties and thus increasing the polymeric
compaction, as indicated by the X-ray diffraction
results. However, the permeation results show

Table 3. Permeability Coefficient (P), Apparent Diffusion Coefficient (D,p),
and Time Lag (0) for 0.25 M HCI Diffusion through Different Polyamide

Membranes (See Table 1)

0 (s) D, (m*s™h)

Polymer P10 " m?s?
C4PPD 3.64 (+0.18)
C5PPD 6.33 (+0.16)
C6PPD 19.57 (£0.40)
P4PPD 0.44 (+0.01)
P6PPD 1.10 (=0.03)
P8PPD 20.38 (+0.52)

11,525 (+190)
3,173 (+173)
1,071 (+59)
7,365 (+548)

23,631 (+446)

33,137 (+398)

5.78 (+0.42) x 1071°
8.40 (+0.55) x 10714
3.15 (+£0.20) x 1072
3.62 (+0.30) x 107
1.13 (+£0.04) x 10714
8.05 (+0.30) x 107 %°
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Table 4. Mechanical Properties and Moisture Absorption of the Polyamides

Mechanical Properties

Moisture Absorption

Tensile Young’s Water Mol of Mol of
Strength Modulus Uptake H,0/Repeating Hy,0/Equiv

Polymer (MPa) (GPa) (%) Unit of Amide
C6MPD 65 2.9 10.0 3.3 1.1
C6PPD 63 2.4 10.7 3.5 1.2
C6DDS 53 2.2 9.2 3.7 1.2
C6DDE 75 2.6 7.7 2.9 1.0

C6/6F 57 2.3 7.3 3.3 1.1
PSMPD 55 1.7 6.5 2.6 0.9
P8PPD 48 1.9 6.5 2.6 0.9
P8DDS 54 1.7 5.8 2.7 0.9
PS8DDE 58 1.7 5.6 2.5 0.8

P8/6F 59 2.6 5.3 2.7 0.9

that HCI plays an important role in these inter-
actions. With an increase in the podand struc-
ture, the number of ether groups available for
interaction with HCI also increases, and this
leads to an increase in the time necessary to
reach the steady state; this is supported by
dielectric measurements upon polyamide mem-
branes, just below T,. Under these conditions, a
current is observed, probably due to the hydro-
gen bonds between amide groups, which can
lead to proton hopping by oscillations from a
nitrogen atom of an amide group to an oxygen
atom of a neighboring one. This may justify the
increase in the permeability coefficient with an
increasing in the number of oxyethylene groups
in the presence of HC1.34-36

Solubility

The solubilities of the polymers derived from C6
and P8 are presented in Table 2. All the poly-
mers derived from C4, C5, C6, P4, P6, and P8
monomers are soluble in aprotic, polar solvents,
and most of them are in protic cresol.*

The pendant alicyclic or acyclic oligo(ethylene
oxide) structure controls the solubility of all the
polyamides, and the influence of the diamine
residue on this property is small. Thus, the solu-
bility differences between them can be consid-
ered to be negligible.

The enhanced solubility compared with that
of fully aromatic polyamides allows the ready
processability of these polymers for transforma-
tion through casting into films, membranes, or
coatings or through solution spinning into spun
fibers and so forth.

Journal of Polymer Science: Part A: Polymer Chemistry
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Mechanical Properties

All the polyamides showed good film-forming
ability, and this makes them suitable for testing
as fixed-site carrier membranes for cation sepa-
ration, ion-selective membranes, selective solid—
liquid extraction of cations, and other technolog-
ical applications.

The tensile strength and Young’s modulus of
the polyamides derived from the C6 and P8 diacid
monomers (Table 4) ranged from 48 to 75 MPa and
from 1.7 to 2.9 GPa, respectively. The mechanical
properties of the polyamides derived from the C4,
C5, P6, and P8 diacid monomers are similar to
those of the polymers derived from C6 and P8 and
vary between 48 and 103 MPa (Young modulus)
and 1.7 and 3.3 GPa (tensile strength).*® The me-
chanical properties of these polyamides can be
considered to be acceptable for nonoriented films
made through casting on a laboratory scale with-
out a postthermal treatment. The results are also
comparable to values reported earlier for other ar-
omatic polyamides.?"3?

Water Absorption

Aromatic polyamides are polymers with polar
amide groups that absorb water mainly through
the interactions with these groups. The water
uptake of polyamides greatly influences the pol-
yamide properties and conditions the final appli-
cation of these high-performance materials, par-
ticularly because the absorbed water diminishes
Ty and influences the mechanical, electrical, and
dielectric properties.

The polyamides described here have three
amide groups per structural unit, in addition to
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different sequences of oxyethylene units. Both
amide and ether moieties are polar groups that
will influence the water uptake through hydro-
gen-bonding interactions with water. Thus, the
percentage of water uptake of our polyamides is
determined by two opposing factors: (1) the
number of polar groups per structural unit
increases the uptake, and (2) the presence of
larger oxyethylene sequences increases the
number of ether groups and also the conforma-
tional mobility of these groups, facilitating their
interaction with the amide moieties and thus
reducing the percentage of available polar amide
groups to interact with water, diminishing the
overall water uptake.39°

The isothermal sorption of water at 65% rela-
tive humidity was measured, and the values
were related to the polyamide structure. Table 4
shows the data obtained as the water absorption
percentage for polyamides derived from the diac-
ids C6 and P8. The table shows the molecules of
water per structural unit and molecules of water
per amide group. The moisture absorption of pol-
yamides is between 5.3 and 10.7%, and the water
uptake per structural unit is between 2.5 and 3.7

Although there is an increase in the number
of ether groups from C4-derived polyamides to
C5- and C6-derived polyamides, in terms of mol-
ecules of water per structural unit, the water
uptake is similar in the series. This means that
the extra hypothetical water uptake of the addi-
tional ether groups is counteracted by the inter-
action of these ether groups with the amide
linkages. This is also observed in the podal fam-
ily. In terms of the water uptake percentage, the
increase in the molecular weight of the struc-
tural unit with the increment in oxyethylene
sequences in the pendant structure leads to a
lower percentage of absorption.
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