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Abstract

An alternating copolyamide derived from 4-aminobutyric acid anbobutyli-glutamate has been synthesized by the active ester
method, and subsequently characterized. The structure and morphology of lamellar crystals have been investigated by using transmission
electron microscopy. Additional data have been obtained from uniaxially oriented films by using X-ray diffraction. Experimental results
agree with an orthorhombic unit cell of parametars 4.88, b = 14.0 and the chain axis = 105 A. A sheet structure with intermolecular
hydrogen bonds was deduced taking also into account infrared dichroisnmicd2@®0 Elsevier Science Ltd. All rights reserved.
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1. Introduction 2. Experimental

During the last years, it has been demonstrated that nylon The polymer was synthesized by the active ester method
3 derivatives, with an alkoxycarbonyl group attached to the using pentachlorophenylic derivatives and following the

backbonep carbon of the repeating unit, adopt helical
arrangements similar to those found in polgmino acids.
Thus, different works on the helical structures of
poly(x-alkyl B-L-aspartate)s [-(NHCH(COOR)GHO),—]

steps indicated in Scheme 1. Selective esterification of
glutamic acid was carried out according to the procedure
described by Nefkens et al. [9]. The coupling reaction
between the glutamic derivative and the aminobutyric acid

have been published [1-4]. In the same way, investigationswas done using 2-hydroxypyridine as catalyst. All inter-
on substituted3-amino acid oligomers also demonstrated mediates were recrystallized and their structures verified
their capability to give helical arrangements [5,6]. by standard chemical procedures. Polymerization was
Substitutedy-amino acid oligomers are just beginning to conducted in a dimethyl sulfoxide solution at room temp-
be intensively investigated. The reported results show that aerature with a monomer concentration of 1 g/ml. Triethyl-
helical conformation with intramolecular hydrogen bonds amine (2.2 eq.) was added in order to liberate the amino
appears to be stabilized. This conformation is related to groups and to neutralize the acidic substances generated

that previously indicated for polgtbenzyly-L-glutamate)
[8], a nylon 4 derivative, which had g &elix according to
X-ray and electron diffraction data.

In this work, we undertake the study of the regular
copolymer constituted by 4-aminobutyric acid anédso-
butyl-L-glutamate units. This polymer may be considered
as a nylon 4 derivative where the half of the repeating
units are stereoregularly substituted in the backbgne
carbon by isobutyloxycarbonyl groups. The main purpose
of this research is to know if it is possible to have a helical
conformation with intramolecular hydrogen bonds when the
ratio of lateral groups is reduced to the half.
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during polymerization. After 5days the polymer was

recovered by precipitation with ethyl ether and extensively
washed with water, ethanol and ethyl ether. The polymer
was obtained with a 75% yield and an intrinsic viscosity of

0.92 dl/lg, which was measured in a dichloroacetic acid
solution at 25C.

The chemical structure of the polymer was ascertained by
¥C NMR with a Varian XL-200 spectrometef (ppm)
from deuterated trifluoroacetic acid solutions: 179.84 and
179.45 (NHCO), 174.83 (COO), 76.42 (O@QH 55.28
(NHCH), 42.44 (NHCH), 33.98 and 33.12 QH,CO),
29.52 CH(CHa),), 26.40 CH,CH,CO) and 19.32 (Ch).

In addition, no trace of transpeptidation was detected, i.e.
no y-isobutyl glutamate units were apparent. The degree of
racemization during polymer synthesis was determined by
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Abbreviations:
Z: Benzyloxycarbonyl HAmbOH: 4-Aminobutyric acid
DCHA: Diciclohexylamine AcOH: Acetic acid
PcpOH: Pentachlorophenol EtN: Triethylamine
DCCI: Diciclohexylcarbodiimide DMSO: Dimethyl sulfoxide

iBuOH: Isobutanol
Scheme 1.
measuring the optical rotation of a hydrolyzed sample. We under vacuum at room temperature in a modified Statton

found less than 2% af-amino acid after correction of the camera (W.R. Warhus, Wilmington, DE) with Ni-filtered
blank value and thus racemization can be consideredCu K,(radiation. Patterns were internally calibrated with

negligible. A density of 1.15 g/cfh measured at 28 in gold or calcite for electron or X-ray diffraction, respec-
an aqueous solution of KBr, and a melting temperature of tively. A Perkin—Elmer Model 783 spectrophotometer
228C also characterize the sample. equipped with a gold polarizer was used to determine the

Crystallization experiments were carried out from dilute infrared dichroism of oriented films. Infrared spectra
polyol solutions (0.1% wi/v) at temperatures between 40 and showed characteristic amide and ester absorption bands:
150°C. For electron microscopy, the crystals were deposited 3274 (amide A), 3058 (amide B), 1725 (CO, ester), 1627
on carbon-coated grids and then shadowed with Pt-carbon afamide 1), 1534 (amide I1) and 695 crh(amide V).
an angle of 1% Decoration experiments were carried out by
using polyethylene and following the Wittmann and Lotz
technique [10]. A Philips EM-301 electron microscope 3. Results and discussion
operating at either 80 or 100 kV for bright field and electron
diffraction modes, respectively, was used. Oriented films for  Different crystal morphologies were attained depending
X-ray diffraction were obtained either from stroking a on the crystallization conditions (Fig. 1). In general, needle-
concentrated formic acid solution over a mica surface or like crystals were obtained from diol solutions as hexanediol
stretching a melt pressed film. X-ray patterns were recorded(Fig. 1a) or 2-methyl-2,5-pentanediol in the 40-320
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Fig. 1. Transmission electron micrographs of: (a) ribbonlike crystals obtained from hexaneditT a)Gilm constituted by spherulitic aggregates prepared
from a glycerine solution at 10G; (c) lathlike single crystals obtained from glycerine at I50(d) polyethylene decoration of the last crystals. Scale bars
1pm.

temperature interval. Thin films were obtained in crystal- sion of the crystals is variable (0.15-0.@f). However, a
lizations from grlycerine at low temperatures (Fig. 1b), rather homogeneous thickness (45—50cAn be estimated
whereas well-developed crystals could be attained atfrom the shadows of the crystals in the micrographs.
temperatures near 18D (Fig. 1c). These single crystals The electron diffraction patterns of isolated crystals
have a highly preferred growth direction as manifested by

. . . Table 1
their aspect ratio (length/width 10) and appear frequently . Measured and calculated diffraction spacin§$ {@x different samples of
to be broken, probably as a consequence of the separatiofhe copolymer
centrifugation process. Note that the front edges are conse-

quently serrated, whereas the lateral growth faces are very"dex Calculated Single crystel Oriented filn?
regular. In some cases, the front faces appear steeped (seg g 15.0 150 m 15.0 vs E
arrow in Fig. 1c) in agreement with an orthorhombic 020 7.5 75w 7.5vwE
morphology. As can also be seen in Fig. 1c the width dimen- 030 5.00 5.00's 5.00wE
110 4.64 4.63 vs 4.62vs E
120 4.09 4.09s 409mE
040 3.75 3.75m 3.75wWE
200 2.44 2.44 vw
001 10.5 105sm
011 8.60 8.60 s off M
111 4.24 4.24 s off M
121 3.81 3.80 m off M
002 5.25 522sM
012 4.96 4.92 s off M
022 4.30 4.40 m off M
003 3.50 352w M
013 3.41 3.38woff M

20n the basis of a orthorhombic cell of parameters: 4.88, b = 15.0
andc = 105A.

® Abbreviations denote intensities or orientation: vs, very strong; s,
strong; m, medium; w, weak; vw, very weak; M, meridional; E, equatorial
and off M, off meridional.
Fig. 2. Electron diffraction pattern of single crystals obtained from glycer- ZEIectron diffraction data.
ine.a" is oriented along the direction of maximum crystal elongation. X-ray diffraction data.
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Fig. 3. X-ray diffraction pattern of an oriented sample obtained by stretch-
ing a polymer film at a temperature near fusion.

exhibit a mm symmetry and confirm their single-crystal
character (Fig. 2). ThedekO patterns can be indexed as a
primitive rectangular cell of parameteas= 4.88 andb =
14.0 A (Table 1). The meridional spot at 2.44(R00 reflec-
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molecular chains are folded parallel to the long axis of the
crystals and consequently along the hydrogen bonding
direction.

Similar X-ray diffraction spacings were measured, either
from powder or oriented samples coming from different
preparation conditions (polymerization medium, crystal-
lizations from polyol solutions, stroking of concentrated
formic acid solutions or stretching of film samples
near their melting temperature). Thus, no evidence of
polymorphism could be detected. Fig. 3 shows the best
oriented X-ray diffraction pattern of the copolymer, which
agrees with an orthorhombic unit cell (Table 1) having the
samea andb parameters as deduced from electron diffrac-
tion and ac = 10.5A. Note the equatorial orientation for
the reflections observed in the electron diffraction patterns
and the meridional orientation for the I0eflections. A
density of 1.17 g/cy close to the experimental value of
1.15 g/cni, is calculated with the deduced cell parameters
and a unit cell containing two molecules. Ohi@0 (with h
odd) systematic absences could be inferred from electron
and X-ray diffraction data. Consequently, expected space

tion) is oriented along the maximum crystal elongation and groups are reduced to a monoclinie2;11 and an
indicates, together with the results that will be discussed orthorhombic P2,22 taking also into account that an
below, that intermolecular hydrogen bonds are establishedinversion center or a mirror plane symmetry are not possible

along the preferred growing direction, a fact that is usual in

due to the chiral. constitution of the glutamic unit. The two

polyamides with a sheet structure. Furthermore, the diffrac- molecules of the unit cell are then related by a screw binary
tion patterns show that the molecular chains are perpen-axis parallel to the crystal-axis direction.

dicular to the basal crystal faces and are folded as a The values of thea and b crystallographic parameters
consequence of their high molecular weight and the reducedindicate a molecular conformation where the isobutyl
lamellar thickness. Polyethylene decoration (Fig. 1d) allows groups point along a single directiob)(i.e. a 3 or a 2

us to ascertain the folding habit in the crystal surface. Thus,

helical symmetry. It is worth noting that the, Helical

the regular striations perpendicular to the long faces of conformation postulated for substituteg-amino acid
the crystals can be interpreted as an indication that thederivatives [7,8] (equivalent to g &elix for the copolymer)
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Fig. 4. Infrared spectra obtained with polarized light of an oriented film. Parallel and perpendicular orientations of the electric vector witmeadire
stretching are indicated. Only 3500—3000 (a) and 1750—1500 ¢o) regions of the spectra are shown.
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has to be now discarded. The reduced diffraction data andsheet, since thay are related by a binary axis parallel to the
the elevated number of torsional angles that define the unitb-axis, and an opposite one for the chains of consecutive
repeat preclude a detailed conformational analysis. sheets.

However, a 1 molecular symmetry can be deduced since In summary, the sheet structure with intermolecular
a 2 helix has also to be rejected due to both the noh 00 hydrogen bonds characteristic of nylon 4 is maintained
systematic absences and the short value of the a parametewhen isobutiloxycarbonyl groups are attached to the
that precludes the packing between helices with a greatcarbon atoms of alternating units. However, structural
diameter. In addition, the infrared dichroism presented in differences related to the molecular conformation and
Fig. 4 shows that hydrogen bonds are approximately perpen-packing can be found. Thus, conformation deviates from
dicular to the stretching direction and consequently a sheetthe extended one and packing changes from a monoclinic
structure with intermolecular hydrogen bonds (along the unit cell to an orthorhombic one in order to improve Van der
a-direction) may be postulated. The experimental value of Waals interactions.

the repeat unit length (10.5)As much shorter than that
found for nylon 4 [11] (12.25 Aand shows the main effect

of the isobutyl substituent. Thus, the molecular confor-
mation has to be deviated from the extended one in order )
to obtain a compact structure and favorable Van der Waals | NiS research has been supported by CICYT (MAT97-
interactions between neighboring layers. A similar obser- 1013).

vation has also recently been reported for a copolymer
constituted by a quiral amino acid-élanine) and a non-
substitutedn-amino acid (11-amino undecanoic acid) [12].
The value of 4.88 Aor the a parameter seems to indicate [1] Fernadez-Sarin IM, AymaniuJ, Rodrguez-Gala A, MuRoz-Guerra
that hydrogen bonds are established between parallel S, Subirana JA. Nature (London) 1984;311:53.

molecular chains, a fact that may be feasible due to the [2] Mufioz-Guerra S, Fefmalez-Sarin JM, Alegre C, Subirana JA.
non extended molecular conformation. However, we think Macromolecules 1989;22:1540.

. - [3] Bella J, Alema C, Ferrnadez-Sann JM, Alegre C, Subirana JA.
that the antiparallel arrangement characteristic of the sheet = o= ° "~ * 1092:25:5225.

structure of nylons [13] and polypeptides [14] explains (4] Lgpez-Carrasquero F, GaseAlvarez M, Navas JJ, AlefmaC,
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