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ABSTRACT: We have synthesized and characterized a series of copolymers of diaminomethane and o,w-
dicarbozxylic acids (nylons 1,n withn = 5,6, 7, 8, 10, and 12). Their structure has been determined by various
methods, including X-ray diffraction and electron microscopy. A new conformation, differentfrom conventional
polyamides, has been found. It shows a characteristic shortening of the molecular repeat distance. When
n is even, the polymers crystallize in a monoclinic system, space group B2/b11, whereas when n is odd, they
crystallize in an hexagonal lattice, space group P3;12. A characteristic gauche conformation of the
monomethylene bisamide units is in full agreement with all experimental results. The two amide groups in
each unit are oriented in opposite directions. Structural differences in the series are explained in terms of
conformational changes of the dicarboxylic unit depending on the number of methylene groups.

Introduction

The structure of synthetic polyamides (nylons) has been
extensively studied by several authors. It has been shown
that polyamides exist in various crystalline forms, «, 8
and 7,12 depending on the number of methylene units,34
conditions of crystallization,’ and also on processing® and
treatment by iodine solutions.” All these well-established
structures are based on parallel sheets which are stabilized
by hydrogen bonds running in a single direction.

We have recently studied different nylons characterized
by a close disposition of the amide groups -CONH-in the
molecular chain, with a single methylene group between
neigboring amide units. This is also characteristic of
natural polyamides (proteins) and polypeptides which may
adopt several helical conformations.? New structures with
two or three hydrogen bond directions have been found
in our laboratory in nylons 2/n (copolymers of glycine and
w-amino acids)®13 and n,3 (copolymers of «,w-diaminoal-
kanes and malonic acid).141® The isotropic distribution
of hydrogen bonds will undoubtedly influence the proper-
ties of these polymers.

The copolymers of diaminomethane and a,w-dicarboxy-
licacids (nylons 1,n) are another family of polymers which
also have an isolated methylene group between amide
groups. Although their synthesis by condensation of
formaldehyde with difunctional nitriles is known,!” no
systematicstructural study has been carried out with these
polymers, Furthermore, X-ray studies of model molecules
as bis(acetamido)methane point to a new conformation
around the isolated methylene group, which could induce
its two neighbor amide groups to orient themselves in
exactly opposite directions.!® Quantum mechanical cal-
culations also confirm that this new conformation is
energetically favored.!® Therefore we decided tostudy in
more detail this family of polymers. Some results onnylons
1,3%9and 1,4%! have already been reported. A 3-fold helical
conformation and a layered structure have been respec-
tively found showing conformational differences depending
on the number of methylene groups in the dicarboxylic
unit. In the present work we describe the structure of
several nylons 1,n with n even (6~12) and also some
polymers withn odd (5and 7). Sincesidereactions during
the polymerization with formaldehyde may be produced,
we gave special attention to polymer characterization. Also
a new method of synthesis was used for nylon 1,7, since
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these polyamides cannot be obtained by the conventional
method of heating a dibasic acid and a diamine due to the
fact that monomethylenediamine is unstable in the free
state,2

Experimental Section

Synthesis and Characterization. All chemicals were ACS
grade or higher and were used as received. Solvents were purified
and dried by appropriate standard methods.?? Polymers were
prepared by the reaction of formaldehyde (paraformaldehyde)
and the appropriate dinitrile according to Magat et al.l” As it
has been described,? the polymer properties depend on a large
number of variables such as reaction time, temperature, nature
of the acid used as catalyst, concentration, and molar balance of
reactants. Preliminary studies showed?? that side reactions were
minimized when the polymerization was carried out at 0 °C. An
equimolar proportion of reagents was used in order to minimize
side reactions. Reaction times were optimized according to
intrinsic viscosity measurements. The operation procedure
consists in a slow addition with stirring of a half-volume of
concentrated sulfuric acid over a 1 M solution of reagents in 90%
formicacid. Polymers were recovered from the reaction mixture
by precipitation with four volumes of cold water. Low molecular
weight impurities were removed by exhaustively washing with
water, ethanol, and ethyl ether.

Nylon 1,7 was also synthesized by interfacial polycondensation
of pimeloyl dichloride and N,N’-bis(aminomethyl)pimeloamide
dichlorohydrate according to the method reported for nylon 6,-
10.28 The synthesis of the monomer N,N’-bis(aminomethyl)-
pimeloamide dichlorohydrate was performed by applying the
widely known methodology developed for the preparation of retro-
inverse peptides? (Scheme 1). This monomer was purified by
precipitation with HCI from a dioxane solution and its structure
assessed by IR and NMR spectroscopies and elemental analysis
(Found: C, 37.2; H, 7.7; N, 19.5. Caled for CoH20:NCl;: C,
37.4; H, 7.6; N, 19.4). In order to prepare the polymer,
approximately 10 mmol of the dichloride was dissolved in 100
mL of dry carbon tetrachloride and 10 mmol of the dichloro-
hydrate in 30 mL of 1.4 M sodium hydroxide solution was poured
on top of it. The polymer did not readily form a rope and was
isolated from a stirred mixture by filtration. It was washed
successively with water, ethanol, and acetone and was kept in a
vacuum desiccator at 60 °C.

The intrinsic viscosity of the polymers was determined with
a Cannon-Ubbelohde microviscometer at a temperature of 25.0
+0.1°C. Dichloroacetic acid was used as a solvent. The density
of powder samples was measured at 25 °C by the flotation method
in mixtures of ethanol and carbon tetrachloride.

Infrared absortion spectra were recorded from potassium
bromide pellets with a Perkin-Elmer 783 spectrophotometer in
the 4000-500-cm-! range. NMR spectra were registered from
polymer solutions in deuterated trifluoroacetic acid using a Bruker
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p-TsOH: para-toluenesulfonic acid

Bz-OH: benzyl alcohol

TEA: triethylamine

IBTFA: [bis(trifluoroscetoxy)iodo|benzene

AMX-300 spectrometer operating at 300.1 MHz for H NMR
and at 75.5 MHz for 13C NMR. All cited chemical shifts are
referred to tetramethylsilane (TMS) used as an internalstandard.

Thermal behavior was investigated with a Perkin-Elmer DSC-4
equipped with a TADS data station at a heating rate of 10 °C/
min in anitrogen atmosphere. Temperature was calibrated using
an indium standard. Thermogravimetry was carried out in a
Perkin-Elmer TGS-1 analyzer at a heating rate of 10 °C/min.

Structural Methods. Crystallization experiments were
carried out isothermally from dilute solutions (0.05-0.1% (w/v))
in polar polyfunctional alcohols such as 2-methyl-2,4-pentanediol
(MPD) and 1,4-butanediol. The polymers were dissolved at 210
°C and the solutions were transferred to constant-temperature
baths in the 50-140 °C interval for 2-5 h. Crystallization
experiments were also carried out from dilute solutions of the
polymers in mixtures of water and dichloroacetic acid between
70and 98 °C. The crystals were recovered by centrifugation and
were repeatedly washed with n-butanol.

For electron microscopy the crystals were deposited on carbon-
coated grids which were then shadowed with Pt-carbon at an
angle of 15°. A Philips EM-301 electron microscope operating
at either 80 or 100 kV for bright field and electron diffraction
modes, respectively, was used throughout this work. Electron
diffraction diagrams were recorded by the selected area method
on Kodak Tri-X films. The patterns were internally calibrated
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with gold (dyy; = 2.35 A). Polymer decoration was achieved by
evaporating polyethylene onto the surface of single crystals, as
described by Wittmann and Lotz.2

X-ray diagrams were recorded under vacuum at room tem-
perature, and calcite (dg = 3.035 A) was used for calibration. A
modified Statton camera (W. R. Warhus, Wilmington, DE) with
Ni-filtered copper radiation of wavelength 1.542 A was used for
theseexperiments. Alternatively, a graphite monochromator was
used in some experiments. Patterns were recorded from either
polymer powders or from mats of single crystals which were
prepared by slow filtration of a crystal suspension on a glass
filter. We were unable to prepare oriented samples (films, fibers)
from these polymers, probably due to the relatively low molecular
weight.

The diffraction intensities were measured with a Joyce Loebl
MK III CS microdensitometer and were corrected for area,
Lorentz, and polarization factors (taking into account the
modification of the usual formula due to the use of monochro-
mator?), Structural modeling was achieved with the LALS
methodology,3® and calculations were run on a HP-340 computer.

Results and Discussion

Synthesis. The results obtained in the synthesis of
the polymers are reported in Table 1. Since for structural
studies regular polymers are required, we gave special
attention to the polymerization conditions in spite of
limiting the molecular weights. Asithasbeendescribed,
an excess of formaldehyde produces cross-linked polymers
probably due to side reactions that originate methylene
bridges between amide nitrogens. 3C-NMR spectra of
polymers obtained at room temperature show evidence of
chain branching. So we used an equimolar proportion of
formaldehyde to dinitrile and a polymerization tempera-
ture of 0 °C. In all cases an optimum reaction time has
been found, since depolymerization apparently occurs in
thereaction medium. The optimum time increases as the
methylene content of the dinitrile monomer increases, due
to a lower reactivity. Intrinsic viscosities measured in
dichloroacetic acid at 25 °C are between 0.18 and 0.23
dL/g for all polymers. The latter values indicate a low
molecular weight, in fact a M, between 1000 and 2000 can
be estimated using the Elias and Schumacher equation
derived for nylon 6,6.3

Wehave also used another method to prepare this family
of polymers, starting from glycine and the appropriate
diacyl chloride. The method is summarized in Scheme 1
and consists in a five-step synthesis which avoids the use
of formaldehyde. Since the ideal monomethylenediamine
monomer is unstable, we prepare a new monomer that
incorporates aminomethanamide units. The synthesis
starts by converting glycine to the benzyl ester using acid
and benzyl alcohol. After the coupling with pimeloyl
dichloride, we convert the glycine ester derivative to the
amino—amide by adding ammonia. The N,N’-bis(ami-
nomethyl)pimeloamide monomer is finally generated by
employing a form of the Hoffmann rearrangement with
LI-bis(trifluoroacetoxy)iodobenzene (IBTFA). The mono-
mer can be easily prepared in this way since each step has
ahighyield (75, 75,93, and 95 %, respectively). Interfacial
polymerization with pimeloyl dichloride gives the polymer
in83% yield. Nosignificant differences with the polymer
obtained from formaldehyde synthesis are found, although
the intrinsic viscosity is slightly higher (0.23 versus 0.19
dL/g). Attempts to increase the viscosity by either longer
polymerization times or changes in monomer concentration
failed. Intrinsic viscosity is probably limited by precipi-
tation of the polymer during the course of polymerization.

Infrared Spectra. Infrared spectra of all polymers
show characteristic amide and methylene absorption
bands. These are summarized and compared in Table 2
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Table 1. Synthesis and Characterization Data for Polyamides 1,n

elemental ansal. (%)

carbon hydrogen nitrogen

polymer react time (h)  yield (%) calc found calc found calc found  [n]°(dLg?") My® Xpd
nylon 1,5 0.5 75 50.70 48.76 7.04 6.79 19.72 18.85 0.18 2220 16.0
nylon 1,6 1.0 86 53.83 52.09 7.75 7.37 17.94 16.98 0.20 2180 14.3
nylon 1,7 1.0 88 56.47 56.78 8.24 8.21 16.47 16.41 0.19 1650 9.9
nylon 1,8 1.0 80 58.69 58.08 8.69 8.58 15.22 14.89 0.23 2350 13.0
nylon 1,10 2.5 84 62.26 61.57 9.43 9.17 13.21 12.85 0.18 1650 7.9
nylon 1,12 3.0 88 65.00 64.78 10.00 10.05 11.67 11.64 0.18 1390 6.0
nylon 1,7¢ 1.0 83 56.47 55.51 8.24 8.19 16.47 15.91 0.23 1900 13.5

¢ Synthesized by interfacial polymerization. ® Intrinsic viscosity measured in dichloroacetic acid at 25 °C. ¢ Determined from !H NMR
spectroscopy. ¢ Average degree of polymerization defined as the number of dicarboxylic units.

Table 2, Characteristic Infrared Bands (Wavenumber, cm™) of Nylons 1,n and Crystalline Forms of Nylon 6

CHj stretching
polymer amide A amide B asym sym amide I amide II CH; rocking amide V amide VI
nylon 1,5 3292 3055 2952 2868 1636 1538 704 582
nylon 1,6 3303 3056 2925 2855 1635 1536 698 577
nylon 1,7¢ 3297 3055 2022 2849 1636 1539 728¢ 697 572
nylon 1,8 3304 3064 2920 2848 1637 1541 721 694 578
nylon 1,10 3304 3060 2917 2846 1635 1540 721 696 576
nylon 1,12 3299 3061 2913 2843 1636 1539 721 694 577
N 6(a)b 3302 3062 2940 2868 1645 1550 731 690 580
N 6(y)® 3302 3099 2940 2860 1651 1570 730 630

¢ No difference has been detected between polymers synthesized by condensation from formaldehyde and by interfacial polymerization.

b Data of Abu-Isa.32 ¢ Appears as a shoulder.

with the infrared bands of o and v forms of nylon 6.32 In
general the amide bands resemble the a-form in apparent
disagreement with the X-ray evidence which will be
presented below. This is most clear for the amide V and
VImodes near 690 and 580 cm-1, which occur at a position
similar to that for the a-form, whereas the former peak is
not seen for vy-crystals, while the latter peak shifts to 630
cm-1, Methylene absorption intensities gradually increase,
as expected, from nylon 1,5 to nylon 1,12 (Figure 1).
However methylene stretching modes, with the exception
of nylon 1,5, are clearly shifted from the values found in
conventional forms. A very intense absorption band near
1120 em™! is characteristic for this family of nylons and
might be related either to the weak C—C stretching mode
reported for nylon 6 at 1121-1120 cm-! or to skeletal
motions involving amide groups reported as medium- and
weak-intensity bands for v- and a-forms, respectively, in
the 1170-1070-cm™! region. These puzzling features
indicate a new structure for these nylons 1,n, as we will
show in the following sections. On the other hand, a very
weak nitrile absorption band at 2240 cm-! is observed in
polymers prepared from formaldehyde. This band is
associated with terminal groups and confirms the low
molecular weight of these polymers.

NMR Spectra and Molecular Weight Determina-
tion. The chemical shifts of the more intense signals
observed in the 'H and 13C NMR spectra of nylons 1,n are
reported in Table 3. All of them are in full agreement
with the anticipated chemical composition. However
signals attributed to terminal groups can also be observed
and are consistent with nitrile end groups for the polymers
synthesized from formaldehyde. The !H NMR spectra
show a single signal for the monomethylene bis(amide)
protons around 4.9 ppm, whereas the methylene protons
next to the carbonyl groups appear between 2.6 and 2.7
ppm, generally as a resolved triplet with some weak
overlapped signals which may be assigned to terminal
groups. Furthermore integrated intensities show a deficit
of monomethylene bis(amide) protons, specially for nylon
1,12 (Figure 2a). The observed relation can be explained
from the low molecular weight of the samples if a nitrile
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Figure 1. Infrared spectra of nylons 1,n.

group termination is assumed. So nylon 1,12, the com-
pound with smallest molecular weight studied by us, has
an average of five diamines and six diacid or equivalent
units for an estimated 1400 molecular weight. In fact we
can calculate the number average degree of polymerization
x of the nylons 1,n with the expression: x = p/{p - m(n
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Table 3. !H and 13C Chemical Shifts of Nylons 1,n*

a b ¢ d e f
polymer carbonyl 13C 1H 13C 1H 18C 1H 13C 1Hq 13C H 18C H
nylon 1,5 180.69 47.81 4.95 35.23 2.68 22.31 2.15
nylon 1,6 181.70 4791 4.94 35.89 2.62 26.09 1.85
nylon 1,7 182.48 48.16 4.93 36.32 2.58 26.53 1.81 29.76 1.53
nylon 1,8 183.05 48.25 4.93 36.456 2.57 26.82 1.77 29.83 1.47
nylon 1,10 183.55 48.33 4.93 36.61 2.57 27.18 1.75 30.35 1.39 30.49 1.39
nylon 1,12 183.73 48.34 4.93 36.66 2.57 27.36 1.74 30.60 1.37 30.60 1.37 30.80 1.37

¢ The polymers were dissolved in deuterated trifluoracetic acid. Tetramethylsilane was used as an internal reference. The methylene

carbons are identified as shown in Figure 2.
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Figure 2. NMR spectra of a nylon 1,12 solution in deuterated trifluoroacetic acid: (a) 'H; (b) 13C. The other polymers show similar
spectra. The minor side peaks in (b) are due to the terminal residues. The areas of proton signals are used to determine the molecular

weight of the polymers, as discussed in the text.

~2)1,where m is the integrated area for protons in isolated
methylenes and p is the integrated area for all protons in
diacid units. x corresponds tothe average number of diacid
unit in each molecule. Since the terminal groups are the
diacid units, the average number of methylene dipeptide
units in each polymer is (x —1). The resulting molecular
weights are given in Table 1 and are always below 2500.
The molecular weights determined in this way are
significantly larger than those calculated from the intrinsic
viscosity using an expression derived from nylon 6,6.3!
The difference is greater for smaller n values, whereas for
nylon 1,12 the molecular weights determined with both
methods are similar. It appears that a larger density of
peptide groups (n small) results in a more compact
conformation in solution of the low-molecular weight
polymers studied by us. An intramolecular interaction of
the peptide groups might contribute to this effect.
13C-NMR spectra also present a single signal for the
monomethylene bis(amide) carbons whereas the carbons
of the dicarboxylic units show different signals in agree-

ment with position effects (Figure 2b). Furthermore a
signal around 18 ppm indicative of nitrile vicinal carbons
is observed with variable intensity in all samples prepared
from formaldehyde. The NMR spectra of nylon 1,7
synthesized by interfacial polymerization show similar
characteristics.

Thermal Behavior. Figure 3 shows the DSC traces of
solution-crystallized nylons 1,n with n odd, obtained at a
heating rate of 10 °C/min. Data for the n even samples
have recently been reported.?® A single melting peak
(nylon 1,5, 284 °C; nylon 1,6, 285 °C; nylon 1,8, 276 °C)
or a multiple melting peak characteristic for nylons3¢
(highest peak: 278 and 272 °C for nylon 1,7 prepared from
formaldehyde and interfacial polymerization respectively;
266 °C for nylon 1,10; 259 °C for nylon 1,12) is observed.
Unfortunately thermal decomposition starts during melt-
ing since a stable baseline is not reached after fusion.
Moreover thermogravimetric measurements indicate that
mass loss begins around 230-250 °C, always below the
melting temperature, as shown in Figure 4. For instance
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Figure 3. DSC for solution-crystallized nylons 1,n obtained at
a rate of 10°/min: (a) Nylon 1,5 obtained from formaldehyde;
(b) nylon 1,7 obtained from pimelonitrile and formaldehyde; (c)
nylon 1,7 obtained by interfacial polymerization. The samples
start to decompose during melting as shown in Figure 4.
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Figure4. Thermogravimetry of nylons 1,12,1,7,1,5, and 6 given
as weight loss as a function of temperature in °C.

thermogravimetry of nylon 1,12, which has the lowest
melting point, already indicates a mass loss of 5% at the
fusion peak temperature. The low decomposition tem-
peratures appear as a distinctive characteristic for nylons
1,n. In Figure 4 we have also included nylon 6 for
comparison. In this polymer decomposition starts at 307
°C, about 60 °C higher than in nylons 1,n and about 80
°C above its melting point.

As shown in Figure 5, a linear relationship between
melting temperature and methylene number in a repeating
unit chain has been found for nylons 1,n with n even,
whereas n odd nylons have a slightly lower melting
temperature. These results agree with literature values3®
where a linear relation is observed between melting
temperature and hydrogen bond interactions for a given
series of nylons. Nylons 1,5 and 1,7 slightly deviate from
the correlation in the same way as nylons m,n differ
according to the parity of n and m. However, due to the
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Figure 5. Melting points of polyamides versus number of chain
atoms in the repeat unit: Experimental values for nylons 1,n
synthesized from formaldehyde (@); experimental value for nylon
1,7 prepared by interfacial polymerization (). The values
represented in the figure should be considered as lower limits,
in particular for the smallest values of n, since decomposition
accompanies melting as discussed in the text. The melting points
for nylons 1,n (x) estimated by extrapolation from experimental
data’ for nylons m,n (W) are also shown. It is obvious that much
lower melting points are obtained in this way.

low molecular weight of our samples and to the onset of
the decomposition during fusion, the melting temperatures
we report here represent lower limits. Furthermore
differences are detected in thermal behavior between the
two samples of nylon 1,7, probably due to differences in
molecular weight and terminal groups. In all cases the
melting temperatures are 40—-60 °C higher than the values
estimated by extrapolation from experimental data of
polyamides®® (Figure 5), probably due to the different
organization of hydrogen bonds in this nylon family.

It is interesting to compare the melting points of these
nylons with their isomers. The other two families of nylons
(2/n and n,3), which also have an isolated methylene group
between two peptide groups in the form of either glycine
or malonamide, have similar melting points, as reported
elsewhere.153 The analogy among these three families of
nylons is probably due to the similar conformation of the
methylene-amide bond in all of them.3” Apparently such
conformation gives an enhanced structural stability to all
these polymers.

The melting points of the nylons 1,n when compared
with isomeric nylons m,n are higher, as discussed above
(Figure 5). Thisdifferenceissimilar tothat found between
nylon 6,6 (T, = 265 °C) and its isomer nylon 6 (Ty, = 230
°C). Nylon 6 has a T, similar to the nylons m,n shown
in Figure 5, whereas nylon 6,6 has an anomalously high
melting temperature. Infactitisstriking thatthe melting
temperature of nylon 6,6 falls exactly on line with the
nylons 1,n. Such higher stability has been attributed to
an enhanced mobility of the methylene groups in the solid
state before melting,38 a possibility which may be tenta-
tively advanced as an additional explanation for the high
melting points of the nylons 1,n, n,3, and 2/n.

Electron Microscopy. Nylons 1,n with n even crys-
tallize from diol solutions as long sheaves with lath-shaped
extremities (Figure 6a, nylon 1,6, and Figure 6d, nylon
1,12), as spindle-shaped multilayered crystals (Figure 6b,
nylon 1,8), or as multilayered lath-shaped crystals (Figure
6¢c, nylon 1,10). The specific crystallization conditions
used by us are summarized in Table 4. In all cases the
crystals are about 50 A thick as estimated from their
shadows in the micrographs and confirmed by low-angle
X-ray diffraction as reported below. Similar crystals had
been previously obtained with nylon 1,4.2! The crystals
obtained from nylon 1,10 are larger, and they have well-
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in a diol solution of nylons (a) 1,6, (b) 1,8, (c) 1,10, (d) 1,12, and

(e) 1,5. Electron micrographs of crystals prepared in a water—dichloroacetic acid solution of nylon 1,7 obtained from (f) formaldehyde
and (g) interfacial polymerization. The conditions used in each case are given in Table 4. All micrographs are given at the same

magnification (scale bar = 1 ym).

Table 4. Optimal Crystallization Conditions for Nylons 1,n

temp

nylon solvent concn (mg/mL) (°C)
nylon 1,6 1,4-butanediol 0.5 52
nylon 1,8 1,4-butanediol 1.0 58
nylon 1,10 2-methyl-2,4-pentanediol 1.0 70
nylon 1,12 2-methyl-2,4-pentanediol 0.5 128
nylon 1,5 1,4-butanediol 0.5 93
nylon 1,7¢ water/dichloroacetic acid (5:1) 1.0 93

¢ From interfacial polymerization.

defined edges, as it is apparent from Figure 7. The reason
for this behavior is not clear, perhaps a lower proportion
of branched molecules or a molecular weight more favor-
able for regular folding of the chains.

Electron diffraction patterns from either isolated crys-
tals or from the extremities of the sheaves confirms the
single-crystal character of the laths. The patterns shown
in Figure 7a-d are similar and present features similar to
the conventional y-form of nylon 6.5 Four of the six inner
spots have a spacing around 4.11-4.15 A, and the other
two have a spacing of 4.02-4.06 A. Only two spots are
visible in the 2.4-A zone. They are located at right angles
to the 4.02-4.06-A spots and appear oriented along the
growth direction of the crystals. The observed reflections
and their indexes are summarized in Table 5. The a, ¢,
and B parameters calculated from the observed hO!

reflections are summarized in Table 8, together with the
b parameters obtained by X-ray diffraction as described
below. We can use either a primitive or a centered
monoclinic unit cell. As will be discussed in the next
paragraph, we prefer the centered cell according to the
molecular symmetry. The c axis is always associated with
the hydrogen bond direction and is parallel to the direction
of maximum crystal elongation. Inall cases the diffraction
patterns indicate that the molecular chains are perpen-
dicular to the basal crystal faces and are folded as a
consequence of their molecular weight and the reduced
lamellar thickness. The well-developed nyion 1,10 crystals
were selected as most favorable for polyethylene decoration
in order to ascertain the folding habit. The decoration
shown in Figure 8 presents regular striations perpendicular
to the long faces of the crystals. By analogy with
polyethylene,?® we interpret this as an indication that
molecular chains are folded parallel to the long axis of the
crystals and consequently along hydrogen-bonded sheets.

We have also studied two polyamides with n = odd.
Nylon 1,5 crystallizes from 0.5% (w/v) 1,4-butanediol
solutions at 93 °C as multilamellar aggregates in which a
hexagonal habit is apparent (Figure 6e). The diameter of
such aggregates can reach up to 1 um with an individual
lamellar thickness about 40 A. All attempts to improve
crystallization by changing solvent, temperature, or con-
centration were unsuccessful. Multilayered round/
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Figure 7. Selected area diffraction patterns from crystals of nylons (a) 1,6, (b) 1,8, (c) 1,10, (d), 1,12, (e) 1,5, and (f) 1,7. Drawings
of the reciprocal net for nylons 1,n for (g) n = even, on the basis of a centered monoclinic cell, ¢* axis oriented parallel to the long
axis of the crystals, and (h) n = odd, on the basis of an hexagonal lattice. When n = even the 002 reflection appears very clearly in
all diagrams. In the figure this is more clearly seen in the more exposed pattern obtained from nylon 1,12, indicated by an arrow in

(d).
Table 5. Measured and Calculated Electron Diffraction Spacings d (A) for Nylons 1,n
n even n odd
nylon 1,6 nylon 1,8 nylon 1,10 nylon 1,12 nylon 1,5 nylon 1,7

index® measd® calc measd® calc measd® calc measd® calc index* measd® calc measd® calc

101 4.11vs 4.11 4.14vs 4.12 4.12vs 4.12 4.15vs 4.13 100 4.15vs 4.15 4.15vs 4.15
200 4028 4.02 4.03s8 4.04 4.04s 4.05 4.06s 4.06 110 2408 2.40
002 240m 2.40 241 m 2.40 242m 2.40 242m 2.40 200 207m 2.07
301 2.36 w 2.34 235 237w 2.36 2.36 210 157w 1.57
202 2.06 w 2.06 207w 2.06 2.06 207w 2.06 300 1.38w 1.38

103 157w 1.57 1.57 157w 1.57 1.57Tw 1.57

@ On the basis of the centered unit cells indicated in Table 8. ® Abbreviations denote relative intensities: vs = very strong, s = strong, m
= medium, w = weak. ¢ On the basis of an hexagonal lattice with a = 4.79 A.

Figure 8. Electron micrograph of nylon 1,10 crystals grown at
70°C from 2-methyl-2,4-pentanediol. The crystals are decorated
with polyethylene using the Wittmann and Lotz technique and
shadowed with Pt/C at an angle of 15°. Scale bar: 1 um.

hexagonal aggregates were always obtained. Round
aggregates similar to those observed here have been
previously reported in nylon 1,3% and in its isomer
polygycline I1.40 These aggregates diffract like single
crystals, exhibiting hexagonal diffraction with 6/mmm
symmetry and a basic spacing of 4.15 A (Figure 7e). Up
tothree orders of this reflection can be seen in the original
pictures, which indicates that crystal structure is well
preserved up to near 1-A resolution. The pattern can be
interpreted as corresponding to the normal projection along
the chain axis of an hexagonal struture with a typical
hydrogen-bonded interchain distance of 4.79 A (Table 5).

This hexagonal lattice is similar to the one reported for
nylon 1,32 and indicates conformational differences
between nylons 1,n, depending on the parity of n. This
question will be discussed in the next section.
Crystallization of nylon 1,7 from diol solutions gave thick
aggregates displaying a predominant circular shape.
Unfortunately these aggregates were too thick to be
examined by electron microscopy. Therefore we tried to
crystallize nylon 1,7 by precipitation with water from dilute
dichloroacetic acid solutions. Crystallization is completed
in a few minutes after addition of five volumes of water.
Polymers prepared by interfacial polymerization give
better crystals than those prepared from formaldehyde,
probably due to their greater regularity (Figure 6f,g). The
morphology of the crystals was also highly dependent on
the temperature used. The best crystals from interfacial
samples were obtained at 93 °C as multilayered lath-shaped
crystals (Figure 6g). The individual lamellae are about 1
um long and not more than 0.3 um wide. The crystals are
thinner than in the other cases: the average thickness
measured from shadowing is about 30 A. Frequently
lamellae overgrow in two or three directions at about 60°
giving rise to cross-shaped figures. This feature may be
interpreted as an epitaxial effect caused by a hexagonal
or nearly hexagonal symmetry of the crystals. Selected
area electron diffraction of the tips of aggregates gives an
hexagonal pattern with six reflections at a basic spacing
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B Cc

Figure 9. Wide-angle X-ray diffraction patterns from mats of sedimented crystals of nylons 1,n: (a) 1,6; (b) 1,8; (c) 1,10; (d) 1,12;
(e) 1,5; () 1,7. The strong outer ring corresponds to the main equatorial spacings, whereas the inner ring corresponds to the molecular
repeat. The latter ring becomes oriented in favorable cases (as in (a), for example). It also samples the lamellar spacing, as discussed

in the text.

of 4.15 A, as shown in Figure 7f. However individual
crystals with a hexagonal shape were never observed. Thus,
the crystals of nylon 1,7 are intermediate in character
between those observed in nylon 1,5 and in nylons 1,n
with n = even.

X-ray Diffraction. Unfortunately nylons 1,n cannot
be oriented when a concentrated solution is stretched by
standard laboratory procedures, probably due to the low
molecular weight of the samples. Neither can fibers be
prepared from the melt due to the observed decomposition
near the melting point. As a consequence, only X-ray
patterns from powders and from sedimented crystal mats
were recorded.

In analogy with the electron microscope observations,
different features were observed depending on n being
odd oreven. Nylons 1,n with n even have several common
features (Figure 9a—-d): (i) X-ray patterns of the crystal
matsshow partial orientation. (ii) A verystrong reflection
around 4.13 A is observed. It is indexed as 101, in
agreement with electron diffraction results. It encloses
the weaker 200 reflection, which has a spacing of about
4.04 A. These reflections are related to the lateral
separation of chains. (iii) Several off-meridian arcs are
observed which are useful for estimation of the chain axis
repeat. The reflection around 3.88-3.97 A is always the
most intense. Its orientation is variable in different
samples. This fact may be interpreted as a consequence
of different degrees of order in the sedimentation of the
narrow crystals. (iv) An intense diffuse ring associated
with the periodicity along the chain and indexed as the
020 reflection is characteristic of powder diagrams. In

mat patterns this reflection samples the lamellar thickness,
indicating a regular thickness of the lamellar crystals. For
example the 10.1 A diffuse ring characteristic of the nylon
1,6 powder pattern is replaced by two sharp reflections at
11.4 and 9.3 A, associated in this case with the fourth and
fifth lamellar orders. (v) In mats, several lamellar orders
are observed on the meridian. In all cases the first and
second lamellar orders can be observed on low-angle X-ray
diffraction patterns, and in a favorable case up to the sixth
order was detected. A pattern obtained for nylon 1,6 is
presented in Figure 10. The lamellar thickness is about
50 A in all cases (Table 6), in agreement with electron
microscopy observations and thus confirming chain fold-
ing. Table 6 summarizes the observed spacings and their
indexes on the basis of the centered monoclinic unit cells
given in Table 8. In all cases the repeat period along the
chain (b-axis) is associated with two repeat units. The
preliminary results reported for nylon 1,42! are fully
consistent with those reported here for the higher members
of the 1,n series. The calculated densities for these
structures compare well with experimental values (Table
8). However these values are usually slightly lower than
calculated probably due to some amorphous content in
the samples, to chain folding, and to the low molecular
weight of these samples.

With nylons 1,5 and 1,7 we could not obtain oriented
mats. However the unoriented powder diagrams (Figure
9e,f) can be indexed (Table 7) on the basis of hexagonal
lattices with a = 4.79 A and ¢ = 26.1 or 34.5 A for nylons
1,5 and 1,7, respectively. Calculated densities agree with
experimental values (Table 8). The powder patternsshow
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Table 6. Measured® and Calculated X-ray Diffraction Spacings d (A) for Nylons 1,n

nylon 1,6 nylon 1,8 nylon 1,10 nylon 1,12

index? measd® cale measd® cale measd® cale measd® cale
lamellar thickness  46s M 46 558 M 55 48 vs M 47 51vs M 50
2nd order 229w M 23 276w M 275 23 m M 23.3 24 vw M 25
3rd order 15.5vs M 15.7 16.4vs M 16.7
4th order 11.40 m M 11.50 13.60 vs M 13.756
5th order 9.30 m M 9.20 11.0m M 11.0
6th order 8.28 m M 8.33
020 10.10¢ s 10.10  12.6%vs 12.6 15.04 vs 15.0 17.88vs M 17.6
040 5.05m M 5.05 8.82m M 8.80
060 5.90m M 5.87
101 4.13 vs E 4.11 4.13 vs E 4.12 4.13vs E 4.12 4.13 vs E 4.13
111 4.03 4.07 4.08 4.10
200 4.02 4.04 4.05 4.06
210 3.90s off M 3.94 3.96s 3.99 3.97s 4.01 4.03
121 3.81 3.91 3.97 4.02
220 387w 3.85 3.91
131 3.50 m off M 3.51 3.70 381w 3.81 3.88s8 off M 3.89
230 3.45 3.64w 3.64 3.75 3.84
141 3.19 3.45 3.61 3.74
240 312w off M 3.14 3.40m 3.40 3.52m 3.56
151 2.88 3.18m 3.19 342w 3.40 3.58w 3.57
250 285w 2.84 3.15 3.36 3.52
161 2.60 2.93 vw 2.94 3.18 3.38
260 259w 2.58 2.86 m 2.91 3.14m 3.15 3.36 w 3.35
171 236 270w 271  3.02m 2.97
270 234w 2.34 2.66 m 2.69
181 2.80 m 2.77 3.02
280 2.75 299w 2,99
191 2.30s 2.31 2,62 m 2.59
290 230 257m 257  2.80vw 2.82
1111 2.28s 2.27 260 w 2.54
2110 2.26
1131 2.27s 2.27
2130 2.26
002 240w E 2.40 241m E 2.40 241 m 2.40 241l m E 2.40
301 2.36 2.35 2.36 2.36

@ Average values of spacings observed in low- and wide-angle X-ray pattern including powder and crystal mats. ® On the basis of the centered
unit cells indicated in Table 4. © Abbreviations denote relative intensities; vs = very strong, s = strong, m = medium, w = weak, and vw =
very weak; and orientation of reflections, M = meridional, E = equatorial, and off M = off-meridional. ¢ Observed as a diffuse ring only in

powder patterns.

Figure 10. Low-anglediffraction pattern obtained from a crystal
matof nylon1,6. The 1st, 2nd, 4th, and 5th orders of the lamellar
spacing (46 A) are clearly seen. The molecular repeat (10.1 A)
falls between the 4th and 5th orders of the lamellar spacing,
which are thus enhanced.

the following relevant features. First, the prominent ring
at about 4.15 A fits well with electron diffraction data and
corresponds to a hexagonal structure with an interchain
distance of 4.79 A. Second, the diffuse rings observed at
8.7 and 11.5 A (for nylons 1,5 and 1,7, respectively) are
interpreted as the third order of the axial structural repeat
and correspond to the molecular repeat lengths. So 3-fold

Table 7. Measured® and Calculated X-ray Diffraction
Spacings d (A) for Nylons 1,5 and 1,7

nylon 1,5 nylon 1,7

measd? calc index*  measd® cale index?

21.00m 21.0 2nd order

1410 m 14.0 3rd order

8.40 5th order

870m 870 003 11.50s 11.50 003

4.15vs  4.15,4.10 100, 101 57m 5.756 006

3.758 3.75 103 4.15vs 4.15,4.11 100,101

348w  3.50 104 3.92s 3.90 103

3.29w  3.25 105 370w 3.74 104

3.083w  3.00 106 3.32m 3.36 106

280w  2.77 107 3.01lvw 299 108

2.56 w 2.56 101 277m 281 109

241m 240,238, 110,111, 253vw 250 1010

2.38 109

228m 231,225 113,114 240w 240 110
233m 236,235 1012,113
223w 221 116

@ Average values of spacings observed in low- and wide-angle X-ray
patterns including powder and crystal mats. ® Abbreviations denote
relative intensities: vs = very strong, s = strong, m = medium, w =
weak. © On the basis of a hexagonal lattice witha = 4.79 A and ¢ =
26.1 A and a lamellar thickness of 42 A. ¢ On the basis of a hexagonal
lattice with a = 4.79 A and ¢ = 34.5 A.
helices are assumed in order to explain the molecular
structure. Third, reflections arising from the stacking of
lamellae are only observed in wide- and low-angle X-ray
diffraction patterns for nylon 1,5. The deduced lamellar
thickness of 42 A is in full agreement with electron
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Table 8. Summary of the Main Crystallographic Data for Nylons 1,n*

a(d) B (deg) density (g L)

polymer primitive unit cell centered unitcell b(A) c¢(A) o (deg) primitive unitcell centered unitcell +y (deg) exptl® calc
nylon 1,6 4.68 8.04 20.2¢  4.79 90 120.8 90 90 1.29 1.33
nylon 1,8 4.70 8.08 252  4.79 90 120.7 90 90 1.24 1.25
nylon 1,10 471 8.10 30.0c  4.79 90 120.6 90 90 1.17 1.21
nylon 1,12 471 8.12 35.2¢  4.79 90 120.5 90 90 1.12 1.16
nylon 1,3¢ 4.79 4,79 18.0¢ 90 90 120 1.53 1.58
nylon 1,5 4.79 479 26.1¢ 90 90 120 1.31 1.36
nylon 1,7 4,79 4.79 34.5¢ 90 90 120 1.23 1.24

& Parameters related to the chain packing were determined from electron diffraction data, and the remaining ones, from X-ray diffraction
data. ® Measured by flotation of powder samples in mixtures of ethanol and carbon tetrachloride. ¢ Fiber identity period. b-axis for a monoclinic

lattice and c-axis of a hexagonal lattice. ¢ Data of Puiggalf et al.20
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Figure 11. Unit repeat length of nylons 1,n versus number of
carbon atoms in the repeat unit. Average values for the
conventional o and v forms are also indicated.?

microscopy observations. No lamellar orders have been
observed in X-ray patterns of nylon 1,7. This fact may be
due to irregular lamellar thickness or a poor stacking of
the very thin lamellae in mats. Since the lamella are very
thin (about 30 A), they can rarely accommodate the
assumed repeat period (34.5 A) within its reduced thick-
ness. Theobserved “starfish” morphology of these crystals
(Figure 6g) may be due to this fact. It cannot be excluded
that crystals of this material only develop two hydrogen
bond directions within each thin lamella instead of the
three equivalent ones expected for a true hexagonal lattice.

The unit repeat lengths for all the nylons studied here
are shorter than those deduced by extrapolation of other
nylons in the « or vy forms.® This is an additional
indication that we are dealing with a new nylon structure.
Figure 11 shows a linear relationship between the experi-
mental repeat length and the number of carbon atoms in
the repeat unit. A constant shortening of about 0.2-0.3
A with respect to the y-form and about 0.5-0.6 A with
respect to the a-form is found.

Finally, we mention that a weak and variable reflection,
depending on the crystallization conditions, may be
observed in some samples in the equatorial region at about
4.4-4.7 A spacing. This reflection cannot be indexed on
the basis of the proposed unit cells. We interpret this
observation as due to a small amount of a different
structure, probably related to a conventional a form.

Molecular Structure of Lamellar Crystals. As
shown in the previous sections, the polymers studied here
have a rather low molecular weight. Nevertheless they
never give rise to crystals containing the fully extended
molecules, at least under the crystallization conditions
used here. As shown in Table 9, they fold once or twice
in order to form the lamellar crystals. As a result of this
limited amount of folding, end groups should be an
important component of the crystals, probably located at

Table 9. Molecular Parameters for Lamellar Crystals

nylon {, lamellar thickness (&) Rs no. of stems®
1,56 42 4.83 3.3
1,6 46 4.55 3.1
1,7 ~30
1,8 55 4.37 3.0
1,10 47 3.13 2.5
1,12 50 2.84 2.1

¢ R = l/m is the number of monomer units which span a lamellar
crystal, where m is the length of a monomer unit calculated from the
values given in Table 8. Thus m = b/2 for n = even and m = ¢/3 for
n = odd. ® This column gives the average number of stems of each
individual polymer molecule in a lamellar crystal. It is obtained by
dividing the average degree of polymerization x, (given in Table 1)
by R, given in the previous column.

the surface of the lamellae. This fact seems to imply a
considerable degree of imperfection in the crystals, but
surprisingly the lamellae have a rather constant thickness
in each case, as demonstrated by the fact that five to six
orders of the lamellar spacings can be detected in some
low angle pictures, as shown in Figure 10 and in Table 6.

Inspection of Table 9 shows some clear patterns in the
lamellar crystals obtained from these polyamides: (1) The
lamellar thickness does not vary much in the different
nylons studied, between 42 and 55 A. Nylon 1,7 appears
to form thinner lamellae, but their thickness could not be
determined with accuracy by X-ray diffraction. (2) Asa
result, the number of monomer units R within a lamellar
thickness decreases as n increases, so that nylon 1,5 has
4.83repeats and nylons 1,10 and 1,12 have about 3 repeats.
The equivalent number of hydrogen bonds decreases from
9 to 10 in nylon 1,5 to 6 in nylon 1,12. This trend had
already been reported by Dreyfusst in his survey of
polyamides, although in the 1,n family the values of R are
comparatively smaller. (3) The molecular weight of the
samples apparently does not have a determining influence
on the results just discussed, since it varies between 1390
and 2350 in the various samples studied. As shown in
Table 9 the number of folds in each polymer varies,
probably in order to accommodate the most stable number
of monomer units within the lamellar thickness. (4) Since
there are strong hydrogen bonds in each unit cell, it would
be expected that for regular folding the number of
monomer units in one lamellae should be a whole number,
but this is not observed, as shown in Table 9. Such
discrepancy might be due to the small size of these
polymers and the influence of terminal groups in the
folding. Nevertheless it is striking that the lamellae
apparently have a very regular thickness.

In summary, the nylons 1,n, which have a small but
rather variable molecular weight, have lamellae with a
rather constant thickness. It cannot be excluded that
during crystal growth there is a selection of molecules
according totheirsize, so that the molecules within a crystal
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Figure 12. Representation of a genericnylon 1,n backbone showing atom numbering and definition of torsional angles. The numbering
is according to the chemical repeat unit whereas in Table 10 we join the torsional angles according to the crystallographic unit.

Table 10. Conformational Parameters and Hydrogen Bond
Geometry for the Models of Nylon 1,5 and 1,6

nylon 1,5 nylon 1,6
molecular sym 3,2 2/b
space group P3,12 B2/b11
torsional angles (deg)
@1 +88.0 +87.5
Y1 -157.4 ~120.0
Yo -157.4 -120.0
@2 +88.0 +87.5
1 +88.0 -87.5
v -157.4 +120.0
¥a -157.4 +120.0
0 +88.0 -87.5
w;, oy 180.0 180.0
v, Vi 180.0 180.0
hydrogen bond geometry
d(H~0) (&) 1.87 1.86
d(N-0) (A) 2.82 2.82
(NHO (deg) 159.0 158.0

might have a rather sharp distribution of molecular
weights.

Structural Models. The experimental datafor nylons
1,5 and 1,6 have been used for structural modeling as
representative of nylons 1,n with n odd and n even. The
structural investigation of both polymers have been carried
out with the LALS (linked-atom least-squares) program.%
The description of a generic residue of nylon L, is given
in Figure 12. Standard bond distances and bond angles
for polyamides were adopted to build the repeat unit. The
torsional angles w; and »; were kept in the trans-conforma-
tion as is usual in polyamides. So only the four torsional
angles next to the amide groups (¢; and ;) and the
positional parameters which fix the chain in the unit cell
were needed to define the chain conformation and packing.
The models were refined using as constraints the unit cell
dimensions and the optimum hydrogen bond geometry.
X-ray and electron diffraction data were used to test and
improve the quality of the models. An isotropic tem-
perature factor exp[-B((sin 8)/A?)] with B = 5 A2 was used
throughout all the refinement process.

In the proposed model for nylon 1,6 the values of the
torsional angles ¢; (Table 10) are close to those observed!®
and calculated®® for some methylene diamides, whereas
the dicarboxylic moiety assumes a conformational ar-
rangement st4,8* similar to that found in the v form of
nylons.? Quantum mechanical studies of the model
molecule bis(acetamido)methane provide two enantio-
meric minima with the same energy when the torsional
angles are ¢ = g9 = 800r—80°.19 This molecule hasrecently
been analyzed by single-crystal X-ray diffraction, and
similar experimental values are found!® (¢; = ¢, = 85.1°).
The shortening observed in the chain repeat lengths is
justified by this particular conformation, where close amide
groups are oriented in exactly opposite directions allowing
a single hydrogen bond direction as is inferred from
electron micrographs. Molecular chains have a center of
symmetry in the middle of the —(CHj),~ methylene
segment and a binary axis perpendicular to the chain

direction through isolated methylene groups. This mo-
lecular symmetry (2/b) has the consequence that equivalent
torsional angles in consecutive repeat units are equal but
with opposite sign. Furthermore the expected adirectional
configuration of the polymer chains is preserved. A space
group B2/b11is compatible with molecular symmetry, with
the systematic absences on X-ray patterns (i.e., reflections
0k0 for & = odd), and also with the 2/mmm symmetry of
the hOl electron diffraction patterns. The model also
appears stereochemically suitable and shows no significant
contacts. All hydrogen bonds are formed with length and
angle values within the standard ranges (Table 10).

Molecular drawings of lateral and equatorial projections
of the molecular arrangement are shown in Figure 13. The
atomic coordinates used in the final intensity calculations
are summarized in Table 11. Only the coordinates of one
asymmetric unit, half the unit repeat, are given because
the structure is fully described taking into account the
spacegroup. The observed and calculated structure factors
of the reflections used in the X-ray diffraction analysis
are given in Table 12 and 13. In some cases several hk!
planes contribute to the calculated structure factors due
to the similarity in their spacings. An acceptable agree-
ment between observed and calculated data is attained,
with no large discrepancies for any particular reflection.
The disagreement R-factors (L|F, - FJ/LF,) for X-ray and
electron diffraction analysis were 14.1 and 14.4, respec-
tively.

A similar model, but with a 3-fold helix for nylon 1,5 can
be generated if we change the conformation of the
polymethylene segment while preserving the conformation
around the central methylene group. The main differences
with the 1,6 model is that all residues have the same
conformational angles instead of alternatively changing
sign. Inorder to optimize the hydrogen bond parameters
and van der Waals contacts, the y angles became slightly
different in both cases. In nylon 1,5 a 3-fold helix is
generated with Y = yo =-157°, which produces arotation
between the C-O directions, whlle the torsional angles of
the methylene diamide are kept in their low-energy value
(¢1 = @2 = 80 £ 10°). Such conformational angles are
practically identical with those found in Polyglycine II,4
which also forms a 3-fold helix. Quantum mechanical
calculations confirm43 that this conformation is energeti-
cally stabilized for nylons 1,n with n odd. The proposed
crystal structure consists of an hexagonal array of 3-fold
helices interlinked by a three-dimensional network of
hydrogen bonds (Figure 13b,d). The distances and angles
calculated for hydrogen bonds (given in Table 10) are
within the permissible range. Torsional angles for left-
handed helices are also given in Table 10. As there are no
asymmetric carbon atoms, right-handed helices are equally
probable, with all equivalent torsional angles with inverted
signs. However only helices with the same sense can be
present within a given crystal, in order to enable the
formation of all hydrogen bonds. The binary axis per-
pendicular tothe chain axis through the isolated methylene
and through the middle of the —(CHj),— segment keeps
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Figure 13. Hydrogen bonding (dashed lines) between three neighboring chains (side view) of nylons 1,6 (a) and 1,5 (b) and equatorial
projections of a centered molecule and its six surrounding neighbors for nylons 1,6 (c) and 1,5 (d). In the last case the molecular chains
have been drawn with an increased separation between them in order to show hydrogen bonds more clearly. In (c) and (d) the unit

cell is indicated with a thinner line.

Table 11. Fractional Coordinates* for the Models of Nylons 1,5 and 1,6 (Molecular Axis at x =0, y = 0)

nylon 1,5 nylon 1,6

atom?® x ¥ z atom® x y z
Co -0.30867 0.30932 -0.05118 Co 0.89496 -0.61799 0.89746
H,Cy -0.21115 0.55956 —0.03979 H,Co 1.04660 -0.63213 1.15267
N, -0.27480 0.13034 -0.00934 N 0.68372 -0.56232 0.86648
HN, -0.44364 -0.09970 -0.00820 HN, 0.62367 -0.55938 1.04091
Cy -0.03298 0.26651 0.02401 C 0.57846 -0.51870 0.62508
0, 0.18485 0.54796 0.02255 0, 0.65223 -0.52246 0.41293
C, -0.05200 0.06772 0.06898 Cs 0.35943 -0.46317 0.62413
H,C, —0.30154 -0.09250 0.08092 H.C, 0.32453 ~(.46888 0.83109
H,C, 0.04500 —0.09494 0.05729 H.C, 0.11705 -0.46489% 0.39917
3 0.14706 0.27237 0.11407 Cs 0.52835 -0.39608 0.64861
H,C; 0.05015 0.42504 0.12581 H,C; 0.77071 -0.39430 0.87358
H,Cs 0.56322 ~0.39031 0.44166

a According to the primitive unit cells indicated in Table 8. ? Atom numbering as in Figure 12.

the adirectional configuration of molecular chains. The
P3m1symmetry of the c-axis projection is consistent with
the 6/mmm symmetry exhibited by the hk0 electron
diffraction patterns. The crystal structure in space group
P3,12 or P3,12 is confirmed by the structure factor
calculations (Table 12 and 13). Acceptable R-factors are
obtained for X-ray diffraction data (R = 21.2) and also for
electron diffraction data (R = 15). Table 11 presents the
atomic coordinates of the asymmetric unit used for
calculations.

We should stress that the angles (Table 10) and
coordinates (Table 11) estimated for our models are only
approximate, since only 10 experimental diffraction
intensities could be determined (Table 12). With such a
small number of data, our refinement can only give
approximate values. On the other hand, there is little
doubt that nylons 1,n have a unique conformation which
differs from that of other polyamides. It is based on the
structure of monomethylene bis(amide) units, for which
low molecular weight models!® and theoretical calcula-
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Table 12. Observed (F,) and Calculated (F,) X-ray Structure Factors for the Models of Nylons 1,5 and 1,6

nylon 1,5 (R = 21.2%)

nylon 1,6 (Ry = 14.1%)

ring d(obs) (A) Fy hkl d(cal) (A) mse F?

ring d(obs) (A) F, hkl d(cal) (A) me Fp

1 8.7 19 003 8.70 1 20
2 4.15 91 100 4.15 3 76
101 4.10 6
102 3.95 6
3 3.75 49 103 3.75 6 30
4 3.48 16 104 3.50 6 21
5 3.29 25 105 3.25 [ 18
6 3.03 47 106 3.00 6 43
7 2.80 22 107 2,717 6 16
8 2.56 30 108 2.56 6 45
9 2.41 51 110 2.40 3 44
111 2.38 8
109 2.38 6
10 2.28 80 113 2.31 6 93
114 2.25 6

¢ Multiplicity. ® Calculated as F, = (EmapiFe nri®)1/2

1 10.1 17 020 10.1 1 18

2 5.05 31 040 5.05 1 18

3 4.13 91 101 4.11 2 92
111 4.03 4
200 4.02 1

4 3.90 74 210 3.94 2 73
121 3.81 4

5 3.50 41 131 3.51 4 47
230 3.45 2

6 3.12 52 141 3.19 4 29
240 3.14 2

7 2.85 41 151 2.88 4 15
250 2.84 2

8 2.59 20 161 2.60 4 43
260 2.58 2

9 2.40 26 002 2.40 1 27

10 2.34 46 171 2.36 4 55
270 2.34 2

Table 13. Observed (F,) and Calculated (F,) Electron Beam Structure Factors for the Models of Nylons 1,5 and 1,6

nylon 1,5 (R = 18.8%)

nylon 1,6 (R = 14.4%)

d(obs) (A) Fo hkl d(calc) (A) m? F, d(obs) (A) Fo hkl d(calc) (A) mb F,
4.15 8.7 100 4.15 3 8.7 4,11 9.6 101 4,11 2 10.0
2.40 4.0 110 2.40 3 4.6 4.02 4.4 200 4.02 1 3.2
2.07 3.0 200 2.07 3 2.7 2.40 2.8 002 2.40 1 2.6
1.57 2.0 210 1.57 [ 1.8 2.36 1.8 301 2.34 2 14
1.38 1.0 300 1.38 3 3.6 2.06 1.8 202 2.06 2 1.2

1.57 1.8 103 1.57 2 2.0

¢ All equivalent spots have a similar intensity. > Multiplicity.

tions!® predict the conformation used in our models.
Furthermore the electron microscopy results confirm that
we are in the presence of a unique conformation, which
is different from conventional nylons.

Nylon 1,7 could have a structure similar to nylon 1,5,
but it cannot be excluded that a slightly different
conformation may appear as the number of methylene
units increases. In fact polyglycine IL*2 nylon 1,3,20 and
nylon 1,5 have all similar conformations with 3-fold helices.
In the case of nylon 1,7 a thinner lamellar structure has
been found, together with a different crystal morphology.
It cannot be excluded that in this case another related
conformation appears, perhaps with only two hydrogen
bond directions, as found in the case of nylons n,3.1¢ A
study of nylons 1,n with a larger number of methylene
units could help to resolve this question.

Conclusions

The results of the present study can be summarized as
follows: (1) The conformation of crystalline nylons 1,n
differs from the conventional o and vy forms of most
polyamides. (2) The unique conformation of these
polymers gives them a much higher structural stability
(high T') than found in conventionalnylons. Onthe other
hand, their chemical stability is comparatively low since
decomposition starts at about 230 °C. (3) The isolated
methylene group placed between two amide residues has
strong conformational preferences. As a result the two
neighboring amide groups are oriented in opposite direc-
tions. (4) Conformational differences have been found as
afunction of the number of methylene groups in the chain.
These differences may be interpreted as a consequence of

conformational changes in the dicarboxylic moiety de-
pending on the parity of the number of methylene groups.
(5) Packing of the chains is monoclinic when n is even and
the structure is defined by a B2/b11 space group. A single
hydrogen bond direction is present, and the fold plane
corresponds to the plane of hydrogen bonds. (6) Molecular
chains are packed in an hexagonal array when n is odd
and has a low value. The structure is defined by a P3;12
or P3,12 space group depending on helix sense. Three
hydrogen bond directions are present in this case, and
each helix is hydrogen bonded with its six neighboring
helices. (7) Molecular chains are folded within the lamella.
The folding takes place along the hydrogen-bonded sheets
for nylon 1,10 and probably also in all nylons 1,n with n
even.
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