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SUMMARY: 

Specimens of Nylon 6 obtained by reaction of the monomer in the vapor phase onto 
surfaces of crystalline substrates are investigated by electron microscopy and electron 
diffraction. 

The specimen is found to  consist of lamellar spherulites of Nylon 6, as it was already 
reported, and a small proportion of single crystals displaying the structure known as the 
Gamma-form. 

ZUSAMMENFASSUNG: 
An Proben von Nylon 6, die durch Polymerisation aus der Gasphase auf Oberflschen 

eines kristallinen Substrats hergestellt worden waren, wurden Untersuchungen mittels 
Elektronenmikroskopie und Elektronenbeugung durchgefuhrt. 

Es wurde gefunden, da5 die Proben aus einem grof3en Anteil lamellarer S p h h l i t e  von 
Nylon 6 bestehen, wie fruher bereits berichtet, daneben aber ein kleinerer Anteil Ein- 
kristalle auftritt, welche die als Gamma-Form bekannte Struktur aufweisen. 

Introduction 

The possibility of obtaining polycrystalline three-dimensionally oriented 
specimens of high polymers by direct solid-state reaction of various 
monomers has been reportedl-5). Similarly, reactions that involve trans- 
port of the monomer through the gas phase into the solid phase have been 
shown to produce highly oriented polycrystalline aggregates and lamellar 
spherulites of Nylon 66). The morphological rtature and molecular structure 
of these spherulites have been the subject of a recent paper7). Here, 
results are reported obtained in the coupse of a subsequent electron- 
diffraction study by which it was found that, in addition to the spherulites, 
single crystals of polycaprolactam were also obtained as minor products 
of the same reaction. 

Experimental 

The gas-solid phase polycondensations were carried out in the already described fash- 
ion'). Ampoules containing solid 6-aminocaproic acid monomer (ACA) and freshly cleaved 
pieces of KCI were evacuated for a few hours a t  10-4 mm Hg and sealed. They were placed 
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subsequently into a temperature-controlled oven, and heated for 24 hrs a t  170°C. At this 
temperature the equilibrium vapor pressure of ACA was 0,12 mm HgS). 

Specimens for electron'microscopy and diffraction were separeted from the surfaces 
of the substrates by flotation on distilled water, and then picked up on carbon-coated 
copper grids. Samples for transmission electron microscopy were further shadow-cast with 
platinum. The studies were carried out with the help of a Siemens Elmiskop 101 electron 
microscope. 

Results and Discussion 

In  the electron micrograph of Fig. 1 an unusually large concentration of 
single crystals is shown in the proximity of a spherulite. The crystals had 
fairly well-developed geometrical shapes, thickness of about 180 A and 
lateral dimensions ranging from a few thousand Angstrams to about a 
micron. The single crystal character of the specimens was definitively 
established by  the high degree of perfection of their selected-area electron 
di5raction patterns as shown in Fig. 2. 

Fig. 1. Transmission electron micrograph 
showing spherulites and single crystals of 

Nylon 6 (x 20000) 

Fig. 2. Selected area electron 
diffraction pattern of a Nylon 
6 single crystal (hkO reciprocal 

layer) 
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The two-dimensional net is orthogonal and possesses two mirror planes 
of symmetry perpendicular to each other and both normal to the plane of 
the photograph. The vertical and horizontal axes were chosen as a* and b* 
respectively. A least-square procedure was applied t o  calculate the values 
of the crystallographic parameters, whereby reciprocal coordinates of the 
15 non-equivalent reflections observed were employed. Gold films about 
150 A thick, obtained by vacuum deposition, performed as diffraction 
standards and the radius on the plates of the ( l l l ) ,  (200), (220), (311), 
(331), (420), and (422) reflections were measured to  determine the calib- 
ration factors. The calculated two-dimensional crystal data and estimated 
standard deviations are : 

a = 4,82 A b = 7,99 A y = 90' and (I st  = 0,017 

Although no three-dimensional data are as yet available, the above 
calculated parameters show at once that, contrary t o  what happens in the 
case of the spherulites7), the single crystals of Nylon 6 exhibit the structure 
of polyamids known according to KINOSHITA 9) as the y-form. KINOSHITA 
suggested that the unit cell might be pseudo hexagonal, actually mono- 
clinic, withy = 120" and all hydrogen-bonded chains running in the same 
direction, that is in the so-called parallel fashiong). 

A closely related form has been reported by SANDEMAN and K E L L E R ~ ~ ) ,  
and by OKADA and HUTINOW. They found a hexagonal cell arising, 
probably, from the lateral packing of axially symmetrical nylon molecules. 
The chain molecules were imagined as cylinders of diameter 4,8 A form- 
ing parallel, closely-packed hexagonal arrays that should give rise to a 
strong reflection observed a t  4,14 AlO), and to  a weaker one observed at  
2,4 A 10). The authors concluded that they were dealing with an inter- 
mediate state of order that precedes crystallization as it is usually under- 
stood.The absence of hexagonal symmetry was also pointed out by G E I L ~ ~ )  
who found, nevertheless, the same spacing of 4,8 A between adjacent 
hydrogen-bonded chaics, and by OGAWA 0t al.13) who reported a mono- 
clinic cell with a = 9,31 A, b = 16,6 A (fiber axis), c = 4,81 A, = 120', and 
Space Group P 21,~ .  Another pseudo hexagonal cell for the y-form was 
described by vOGELSONG14) with a = 4 7 9  A, b = 4,79 A, c = 16,70 A (fiber 
axis) and y = 120". VOGELSONG also concluded that the chains were packed 
in a parallel fashion, as it is, indeed, suggested by the fact that only one 
chain runs through the unit cell. More recently, both BRADBURY et aZ.15916) 

and ARIMOTO et a1.17) carried out systematic investigations on the crystal 
structure of the y-form of Nylon 6 by IR spectroscopy and x-ray diffrac- 
tion analysis. Both authors found rather similar crystal lattices but 
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picked up different unit cells to  describe them. Thus, BRADBURY chose 
an orthorhombic cell with a = 4,82 A, b = 8,OO A, and c = 16,70 A (fiber 
axis), with two chains running through the cell, and ARIMOTO chose a 
monoclinic one with a = 9,33 A, b = 16,88 A (fiber axis), c = 4,78 8, and 
y = 121", also with two chains running through the cell. 

ARIMOTO described the structure in terms of hydrogen-bonded sheets of 
parallel chains, with the chain direction alternating from sheet to  sheep. 
BRADBURY, in turn, proposed a structure showing a random direction 
(either up or down) of chain sense in the several hydrogen-bonded sheets 
which comprise the crystallite, and a parallel arrangement of chains 
within the sheets themselves. 

As it is shown in Table 1, the crystallographic spacings displayed by 
the specimens described in this report agree best with those calculated 
for the cell of BRADBURY et al. It is, therefore, at once apparent that  the 
as-polymerized nylon single crystals also consist of sheets of parallel 
hydrogen-bonded chains normal to the large faces of the crystals. The 
question of whether successive layers of hydrogen-bonded chains display 
alternating, random or the same sense, on the other hand, requires further 
consideration. 

In the cases where the y-structure is obtained through a iodine-induced 
(a+y) transitionls), the very nature of the process precludes some of the 
possible ways of packing. Thus, in the structure proposed by VOGEL- 

Table 1. Observed interplanar spacings of the as-polymerized single crystals of Nylon 6 
(y-form) compared with those calculated for the unit cells reported in the literature") 

Observed 

hkl 

020 
110 
200 
220 
130 
310 
040 
400 
330 
420 
240 

- d (4 

4,OO 
4,12 
2,41 
2,06 
2,33 
1,57 
2,oo 
1,20 
1,37 
1.15 
1,54 

BRADBURY 15) 

hkl 

020 
110 
200 
220 
130 
310 
040 
400 
330 
420 
240 

- d(A) 
4,OO 
4,13 
2,41 
2,06 
2,33 
1,58 
2,oo 
1,20 
1,38 
1,15 
1,54 

0GAWAl3) 

Ilk1 

200 
001 
202 
002 
201 
203 
400 
304 
003 
204 
202 

- 

- 

- 

- 

d (4 

4,05 
4,17 
2,40 
2,08 
2,37 
1,58 
2,02 
1,19 
1,39 
1,16 
1,56 

ARIMOTO 17) 

hkl 

200 
001 
202 
002 
201 
203 
400 
304 
003 
204 
202 

- 

- 

- 

- 

- 

d (4 

4,OO 
4,lO 
2,39 
2,05 
2,33 
1,56 
2,oo 
1,18 
1,37 
1,14 
1,53 

VOGELSONG 14) 

hkl 

010 
100 
210 
200 
110 
310 
020 
420 
300 
31 0 
210 

- 

- 

d (4 

4,15 
4,15 
2,39 
2,07 
2,39 
1,57 
2,07 
1,20 
1,38 
1,15 
1,57 

a) The discrepancy in indexing displayed by equivalent sets of reflections arises from the 
alternative unit cells picked up by the different authors. 
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58 020 
0 120 
2 220 
0 320 

all chains are packed in a parallel fashion and no attempt is made 
to reconcile this with the fact that the y-form is obtained directly, without 
loss of orientation, from the u-form where the crystallites contain equal 
number of oppositely oriented chains. The structure proposed by ARIMOTO, 
on the other hand, allows a direct c w y  transition with only small rota- 
tions around the chain axis and with total retention of orientation. 
Similarly the opposite y+a transition has been observed to take place 
spontaneously when Nylon 6 in the y-form is subject to a steam treat- 
ment a t  around 180°C for a number of hours19). These conditions are 
very similar to those under which the single crystals of the y-form are 
produced in the experiments described in this report. Thus, for periods of 
24 hrs the growing crystals are subject to vapor pressures of water that  
vary from 0 to a maximum of 400 mm Hg, and at  temperatures between 
170 O and 180 "C. Under these circumstances no polymer displaying the 
y-form should be observed if the hydrogen-bonded sheets of parallel 
chains were packed in alternating directions of chain sense within the 
growing crystallites. Since single crystals displaying the y-form are, in 
fact, observed the conclusion is reached that, a t  least in the present case, 
all the chain molecules in the y-form are packed in a parallel fashion. 
This conclusion is also sustained by crystallographic evidence. Thus, 
although no attempts a t  structure analysis were made, it is at once evi- 
dent from the intensity data on Table 2 that within the hkO reciprocal 
layer all reflections with h + k odd are systematically absent. This 
strongly suggest, that the two-dimensional cell is centered, or in other 
words, that  the experimental set of reflections do not require a cell with 
two chains through it, and is perfectly comestible with a monoclinic one 
with a = 4,12 d, b = 4,OO d and y = 121" 30', containing only one chain. 

85 
0 

19 
0 

Table 2. Distribution of intensities on the hk0 reciprocal layer of the y-{orm of Nylon 6 
as observed on the electron diffraction pattern of Fig. 2 

040 
140 
240 
150 

hk0 

3 
0 
2 
1 

100 
200 
300 
400 
010 
110 
210 

100 
0 

130 17 
230 I 0 

Observed 
Intensities 

! 
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Number average molecular weight determinations7) were carried out 
on whole samples of polymer, of which the y-form is only a minor com- 
ponent. The average contour length of the chain molecule obtained (400A), 
therefore, can only be taken as representative of the chains in the spheru- 
lites (a-form) which constitutes more than 90 yo of the whole polymer. 
Nothing can be concluded, consequently, about the likelyhood of a chain- 
folded morphology within the single crystals of Nylon 6. 

Nevertheless, it is remarkable that the gas-solid phase polycondensation 
reaction of ACA does proceed along two such different paths (Table 3) 
producing simultaneously a-form spherulit es and single crystals with the 
y-structure of Nylon 6. 

Table 3. Comparison of the two forms of Nylon 6 obtained by gas-solid phase polyconden- 
sation 

Property 

Morphology 

Type of lattice 

a (4 
b (-4 
c (4 

Gamma 

Chain packing 

Spherulite made up 
of chain-folded lamella 

Monoclinic a) 

9,56 

8,Ol 

17,2 

67,5' 

Antiparallel 

Single crystal, no informa- 
tion about chain folding 

Orthorhombic 

4,82 

7,99 

- 

90 O 

Parallel 

a) To conform modem crystallographic practice the b and c axes of the monoclinic ce1120) 
have been interchanged. 

This is all the more remarkable in view of the fact that the hydrogen- 
bonded chains are packed in an anti-parallel fashion in the spherulites 
and all the chains are packed parallel in the single crystals. Since no 
transitions of the type a+y or y+a seem to be possible in the present 
case, it is likely that the different structures and morphologies observed 
in each case are determined during the induction period of the reaction7) 
while nuclei, not yet of critical size, are being formed and destroyed. 
Two rather similar instances of simultaneous polymorphic crystallization 
of a- and y-form of Nylon 6 have been reported in the literature. In  the 
first case it was observed by HOLMES etaZ.20) the presence of minor 
amounts of the y-form in water-conditioned spun nylon filaments con- 
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stituted mainly by the normal a-form. G E I L ~ ~ ) ,  in turn studying polyamids 
precipitated from glycerine solution also observed the simultaneous 
crystallization of a-form spherulites and y-form single crystals of Nylon 6. 
GEIL seemed inclined to  believe that  the whole polymer sample originally 
crystallized in one of the two crystal modifications, and tha t  some kind 
of structural transition might have taken place in subsequent stages of 
the process. Whether this is a t  all possible should depend, of course, on 
whether the chain molecules in the y-form are all packed in the same or 
in alternating directions of chain sense. 

I n  view of the above discussed arguments it is very probable tha t  the  
so-called y-form of Nylon 6 does not represent a unique crystallographic 
entity. 

Instead there may exist several ways of packing Nylon chains, all defini- 
tively different from the ct-form, giving rise to  very similar space lattices. 
These y-forms should all exhibit the following distinct characteristics : 

a) Sheets of parallel hydrogen-bonded chains. 

b) Pleated21) polyamid molecules tha t  accouqt for the 16,8 A 
periodicity along the fiber direction. 

The nature of the packing, parallel or alternating or even random as 
suggessted by  BRAD BURY^^) and the nature of the space lattice, ortho- 
rhombic or monoclinic, would depend, probably on the particular mecha- 
nism involved in the preparation or crystallization technique employed 
in each case. None of these forms would be in a state of thermodynamical 
equilibrium. 

The author wish t o  express his sincere thanks to  the ALEXANDER VON 

HUMBOLDT FOUNDATION for the donation of the Siemens Elmiskop 101 
electron microscope employed in the present investigations. 

1) H. W. KOHLSCHUTTER and L. S. SPRENGER, Z. Physik. Chem. B 16 (1932) 284. 
2) S. OKAMURA, K. HAYASHI, Y. KITANISHI, and M. NISHII, Makromol. Chem. 47 (1961) 

3) J. B. LANDO and V. STANNETT, J. Polymer Sci. A 3 (1965) 2369. 
4) J. E. HERZ and V. STANNETT, J. Polymer Sci. B 4 (1966) 995. 
5) G. WEGNER, A. MUNOZ-ESCALONA, and E. W. FISCHER, Ber. Bunsenges. Physik. Chem. 

6 )  E. M. MACCHI, N. MOROSOFF, and H. MORAWETZ, J. Polymer Sci..Part A-1, 6, (1968) 
7) E. M. M A C C H I ,  J. Polymer Sci. Part, A-1, 10 (1972) 45. 

230. 

74 (1970) 909. 

319 



E. M. MACCHI 

8 )  E. M. MACCEI, Ph.D. Thesis, Polytechnic Institute of Brooklyn, Brooklyn, N.Y., 1967. 
9) Y. KINOSHITA, Makromol. Chem. 33 (1959) 1. 
10) I. SANDEMAN and A. KELLER, J. Polymer Sci. 19 (1956) 401. 
11) A. OKADA and J. HUTINO, Chem. High Polymers [Tokyo] 7 (1950) 122. 
12) P. GEIL, J. Polymer Sci. 44 (1960) 449. 
13) M. OGAWA, T. OTA, 0. YOSHIZAKA, and E. NAGAI, J. Polymer Sci. B 1 (1963) 57. 
14) D. C. VOGELSONG, J. Polymer Sci. A 1 (1963) 1055. 
15) E. M. BRADBURY and A. ELLIOT, Polymer (London) 4 (1963) 47. 
16) E. M. BRADBURY, L. BROWN, A. ELLIOT, and D. A. D. PARRY, Polymer (London) 6 

17) A. ARIMOTO, M. ISHIBASHI, and M. HIRAI, J. Polymer Sci. A 3 (1965) 317. 
18) S. UKEDA and T. KIMURA, Chem. High Polymers [Tokyo] 15 (1958) 243.; M. TSURUDA, 

(1965) 465. 

H. A R ~ O T O ,  and M. ISHIBASHI, Chem. High Polymers [Tokyo] 15 (1958) 619. 
F. NAGATOSHI and T. ARAKAWA, Polymer J. l (1970)  685. 

20) D. R. HOLMES, C. W. BUNN, and D. J. SMITE, J. Polymer Sci. 17 (1955) 159. 
21) L. PAULING and R. B. COREY, Proc. Nat. Acad. Sci. U.S.A. 39 (1953) 253. 


