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ABSTRACT: Calorimetric (DSC) and Small Angle X-ray Scattering analyses were used to study
the structure and morphological properties of nylon 4,6 single crystals grown in a 1,4-butanediol
solution at varied crystallization temperatures. DSC analysis was used to determine an obtained
crystallinity range of 40-~50%, slightly higher than the reported range for nylon 6,6 single crystals.
Small Angle X-ray Scattering was used to measure lamellar thickness (characterized by a horizontal
plateau at crystallization temperatures [ 7¢] below 130 T, followed by monotonic thickness increases
for T¢ beyond 130T). Samples were annealed to remove residual solvents from within the crystals;
thermal properties of the crystals were measured to verify the effect of annealing on crystal perfec-
tion. DSC melting peaks. obtained with scanning rates of less than 80 K/min, indicated that changes
in the internal morphology of 4,6 crystals occur during heating. The melting temperatures (7,.)
of single crystals produced at different crystallization temperatures were plotted against their recip-
rocal thicknesses to calculate a thermodynamic melting point of 319 T for an infinitely extended
crystal (T,,). Likewise, measured heat fusion values (AH,,) were plotted against reciprocal thicknes-
ses to establish a heat fusion value of 270 J/g for infinite crystal thickness (AH,). Applying these
values to the Hoffman-Weeks equation yielded a fold surface energy value (c.) of 65 erg/cm’.

Introduction

Nylon 4,6 is a fast crystallizing polymer with a
high melting temperature. Its high amide content
and structural regularity contribute to excelient sol-
vent resistance and mechanical properties. Its syn-
thesis was reported 1938 by Carothers,' and by
many other authors®® since then, but relatively little
research has been done regarding its morphological
and structural behavior. One reason for this lack
of research attention is that it is difficult to produce
crystals with satisfactory molecular weight and melt
processibility. The morphology and chain fold struc-
ture of other polyamide single crystals have been
widely studied®!!; this is especially true of nylon
6,6, because of its importance as a commercial poly-
mer, and because of the complex of morphological
changes it undergoes during crystallization. Nylon
4,6 crystals grown from solution are typically lath
shaped (in the form of0 aggregated sheaves) with
a thickness of 50~70 A. It has been shown that
these crystals are formed from a few crystallogra-
phic repeat units™®, and that rhe hydrogen bonding
of their polyamide CONH dipolar arrays strongly
influences their internal stability.” A combined
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wide and small angle X-ray diffraction analysis of
single crystal mats has shown that the (001) planes
within the lamellae are parallel to the lamellar sur-
faces (i.e. that the intralamellar chains are inclined
to the fold surfaces).®® Furthermore, due to the
small number of repeat units within the crystal
stem (n-2), (where n is the number of repeat units
in the structure), weak subsidiary X-ray diffraction
maxima have been observed between the first order
of the small angle and the beam center, and bet-
ween the (001) and (002) plane reflections.** When
such submaxima are discernible, they provide a di-
rect measure of the number of crystallographic re-
peats along the straight chain segments traversing
the lamellae. As a further refinement, the relative
intensities of the subsidiary maxima themselves
provide potential information on the nature of the
chain portion constituting the fold. In an attempt
to determine which portion of the nylon 6,6 mono-
mer unit is involved in the fold, Atkins ef a/.* show-
ed that it is the acid portion which is more likely
to form the fold (a somewhat surprising conclusion,
considering that there are fewer methylene groups
in the acid portion than in the amine portion to
complete the fold). The principal scattering planes
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giving rise to meridional diffraction are those asso-
ciated with oxygen atoms attached to the chains.
Therefore, the chemical structure of the polyamides
is directly related to the fold structure of the crys-
tals, and to their characteristic layer thickness (rep-
resented as horizontal plateau on the crystal thick-
ness vs. crystallization temperature curve). In a
previous paper, Hong ef al® reported that the fold
structure of solution grown nylon 4,6 single crystals
is different than that of other polyamides. Unlike
other polyamides (e.g. nylon 6,6), nylon 4,6 intrala-
mellar polymer chains are perpendicular to the la-
mellar surface, and its oxygen planes and (001) pla-
nes are not parallel to the fold surface. The appea-
rance of the equatorial scattering around 12.5 A
(corresponding to approximately three repeat units
of the (100) plane) suggests that the long range
order of the chain fold lies in this plane direction.
Because of its peculiar chain fold structure, the cry-
stal thickness of nylon 4,6 is directly dependent
on its crystallization temperature. Its thickness grow-
th curve is characterized by a horizontal plateau
in the low crystallization temperature region, follow-
ed by a monotonic thickness increases above the
crystallization temperature of about 130C. In this
paper, we examine the thermal and morphological
properties of solution grown nylon 4,6 single crys-
tals by applying differential scanning calorimetry
to determine their obtained crystallization range,
and applying small angle X-ray scattering to crys-
tals produced at various crystallization temperatu-
res to determine their fold structure and lamellar
thickness.

Experimental

Material. Commercial grade, additive-free, nylon
4,6 polymer chips (Mw: 25,000) were kindly supp-
lied by DSM Co., the Netherlands for use in this
work.

Single Crystal Preparations. The solution was
made by dissolving nylon 4,6 chips in 1,4-butanediol
to a concentration of 0.04% (w/v). Crystals were
grown isothermally by the self-seeding techniques’
and filtered in situ in the crystallization bath at
the crystallization temperature. For the usual exa-
minations, the samples were dried by keeping them
overnight between mica plates in a vacuum oven
at 70 C. Heat treatments (annealing) were carried
out overnight at 230 T in a nitrogen atmosphere
within an Abderhalden drying apparatus.

Thermal Measurements. Melting points and
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Figure 1. Small angle X-ray diffraction pattern of a
sedimented mat of nylon 4,6 crystals which was crystal-
lized from 14-butanediol at (a) 110 C, and (b) 150

o

C.

heat of fusion values of the crystal mats were mea-
sured using a Perkin-Elmer differential scanning
calorimeter, model DSC-7. The instrument was cal-
ibrated at different scan speeds using indium as
a calorimetric standard.

X-ray Diffraction. Single crystal mats were
examined using both wide and small angle X-ray
diffraction techniques. Fine collimation and an eva-
cuated camera were found to be advantageous for
investigating reflections in both the wide angle and
subsidiary maxima regions. For this purpose, Phi-
lips PW1729 camera set was used. Small angle X-
ray patterns were recorded with a Rigaku Denki
small angle camera. A Ni-filtered CuK, X-ray sour-
ce was employed for all the X-ray analysis.

Results and Discussion

Small Angle X-ray Diffraction Pattern. Fi-
gure 1 shows small angle X-ray photographs taken
with the beam parallel to the mat plane. They re-
vealed arced reflections with maximum intensity
on the mat normal that spread broadly parallel to
the (001) arcs. This finding is consistent with the
conclusion that the small angle reflection is due
to stacks of layers deposited horizontally. The unit
cell dimension of nylon 4,6 irg the direction of the
chain was calculated as 14.7 A based on the Bunn
and Garner structure® A long spacing of 65~67
A on the original mat was reduced to about 58
A by annealing at 230 C. We interpret this reduc-
tion as the result of improved lamellar packing, and
attribute the unannealed spacing to the true thick-
ness of an individual lamella. Since previous results
indicate that the chains in nylon 4,6 are perpendi-
cular to the fold surface® (even though it is not
known exactly how many units are associated with
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Figure 2. Dependence of long spacing of nylon 4,6
crystals on isothermal crystallization temperatures (7T,).
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Figure 3. Effect of heating rate on the melting beha-
vior of nylon 4,6 single crystal mats crystallized at 110
€ from 1,4-butanediol. Scanning rates range from 5
€ to 80 C/min.

the crystalline lamellar core and how many with
amorphous fold surface) we may conclude that app-
roximately four chemical repeat units exist in each
of the long spacings of folded chains. The small
angle X-ray spacings of the crystal mats vary with
crystallization temperatures within the high crystal-
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Table I. Heat of Fusion and Melting Temperatures
of Unannealed Nylon 4,6 Single Crystals Produced at
Various Crystallization Temperatures

Crystallization = Melting Heat of Lamellar

Temperature Temperature — Fusion Thickness
© (©) U/ @)
100 2814 88.5 58.2
140 283.2 97.0 63.9
150 286.8 1179 67.8
160 2885 124.1 70.9

lization temperature region. The dependence of
small angle diffraction spacings of the nylon 4,6
single crystals on crystallization temperatures
shows a horizontal plateau in the low temperature
region followed by a monotonic thickness increase
above the temperature of about 130 C (see Figure
2).

Melting Behavior of Crystals. DSC Thermo-
grams of nylon 4,6 single crystals show typical dou-
ble endothermic peaks, a phenomenon which has
been widely observed with other semicrystalline
materials.*'* Figure 3 shows DSC melting peaks ob-
tained with heating rates from 5 K/min to 80 K
/min. The peaks at faster heating rates were scaled
up proportionately to compare them together in one
graph. The heat of fusion values were independent
of the heating rates. Two melting peaks appear at
each heating rate. The one at the higher tempera-
ture, which is prominent with slower heating rates,
decreases as the heating rate increases up to 80
K/min. until finally only one peak is observed. The
changing behavior of melting peaks with heating
is known to be due to the rearrangement of crys-
tals.!"? The higher melting peaks, corresponding
to a more stable crystalline state, represent thicker
crystals. A relatively fast scanning speed of 80 K/
min shows only one melting peak due to the limi-
ted time for crystal readjustment. Table I summari-
zes the heat of fusion values and melting tempera-
tures of crystal mats produced at various crystalli-
zation temperatures. The crystal thickness was
measured by applying small angle x-ray scattering
after residual solvents were removed by annealing.
It was observed that crystal mats produced at hi-
gher crystallization temperatures were thicken and
had higher melting temperatures. Table II summa-
rizes the crystal thicknesses and melting tempera-
tures of annealed crystals. Samples were annealed
mainly to get rid of the residual solvents inside
and between lamellae. The trend of increased mel-
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Table II. Heat of Fusion and Melting Temperatures
of Annealed Nylon 4,6 Single Crystals Produced at
Various Crystallization Temperatures

Crystallization = Melting Heat of Lamellar
Temperature Temperature  Fusion Thickness
(©) (©) /g &

100 284.7 91.5 58.2
140 286.9 106.1 63.9
150 288.5 122.8 67.8
160 290.9 124.7 709
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Figure 4. Plot of crystal melting temperature (7,,) vs.
reciprocal crystal thickness ({~'). Intercept corresponds
to T,.°, the thermodynamic melting temperature.

ting temperatures for increased crystal thicknesses
was the same for both annealed and unannealed
crystals produced at given crystallization tempera-
tures. It can be surmised, just as Keller ef al.** con-
cluded, that low temperature annealing can be used
to perfect crystals without incurring a quantum
jump in lamellar thickness.

Figure 4 shows a plot of typical melting tempera-
tures (7,,) versus reciprocal lamellar thicknesses
(1/)) for both unannealed and annealed crystals.
Extrapolation was achieved by using the familiar
Hoffman-Weeks relationship: T,=7,° [1~2 a./
AH, *1], where AH,, is the heat of fusion, o, the
fold surface energy and 7,,° the melting point of
an infinitely extended crystal. Based on the observ-
ed values represented in the Figure 4 plot, a 7,,°
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Figure 5. Heat of fusion values (AH,) for nylon 4,6
single crystal mats as a function of crystallization tem-
perature.

of about 319 T was extrapolated for both unanneal-
ed and annealed nylon 4,6 single crystals somewhat
higher than the 7,° of 300 C which has been re-
ported for nylon 6,6 single crystals.’®'® The higher
T,° for nylon 4,6 crystals appears to be due to
their higher hydrogen bonding density.

Heat of Fusion of Crystals. Enthalpy of fusion
results were measured from DSC melting curves
for the nylon 4,6 crystal mats prepared using iso-
thermal scolution crystallization and subsequent an-
nealing. Figure 5 shows the heat of fusion results
(AH,) obtained by integrating melting peaks as a
function of crystallization temperatures. It was ob-
served that, as the crystallization temperature in-
creased, the enthalpy of fusion increased. At low
crystallization temperatures, corresponding to cons-
tant lamellar thicknesses, AH,, was observed to be
invariant; however, AH, increased appreciably
from about 130 C up to 150 T (declining beyond
150 C). The decline of AH,, beyond 150 T is thou-
ght to be due to thermal degradation associated
with higher crystallization temperatures. Annealing
increased AH,, for crystals produced at low crystal-
lization temperatures, but had little affection crys-
tals produced at high crystallization temperatures.
This verifies the positive effect of low temperature
annealing (i.e., annealing at temperatures not high
enough to incur an increase in crystal thickness)
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Figure 6. Heat of fusion (AH,) vs. heating rate (C/
min.) for nylon 4,6 single crystals crystallized at 110
T from 14-butanediol solution.
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Figure 7. Heat of fusion (AH,) vs. reciprocal crystal
thickness (7 1).

on crystal perfection. In summary, the AH,, of crys-
tals is dependent on both crystal perfection and
crystal thickness.

Figure 6 plots heat of fusion (AH,) versus hea-
ting rate, showing that the AH, of nylon 4,6 crys-
tals is independent of heating rate (an observation
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which agrees well with corresponding plots for nyl-
on 6,6'). Figure 7 plots the heat of fusion (AH,)
against reciprocal crystal thickness (/') yielding a
heat of fusion value for an infinite crystal (AH,)
of 270 J/g (higher than the reported AH, of nylon
6,6 single crystals'>'¢). Applying above values to the
Hoffman-Weeks equation, we obtained fold surface
energy value (o,) of 65.4 erg/cm’ for solution grown
nylon 4,6 single crystals.

Degree of Crystallinity. With the AH, obtained
from the extrapolation of the plot of AH, vs. 1/l,
we assessed the degree of crystallinity from AH,
to AH,, showing that the crystallinity yield of solu-
tion grown nylon 4,6 single crystals falls in the 40
to 50% range (similar to the reported range for
nylon 6,6 single crystals'®!8). Variation in fold surfa-
ces, interlamellar contact between lamellae, and the
number of folds terminating within the crystals are
believed to be the cause of the 10% vyield ra-
nge.

Conclusions

The structure and morphological properties of
solution grown nylon 4,6 crystals have been deter-
mined and compared with those of other polyami-
des. They showed typical lath-shaped crystallization
products (aggregated in the form of sheaves), pos-
sessing the characteristics of chain-fglded lamellar
crystals with a thickness of about 60 A. Sedimented
mats of crystals were examined using small angle
X-ray diffraction directed perpendicular to the la-
mellar normals. The lamellar thickness remains
constant up to about 130 T and then increases with
crystallization temperature (7). Melting points and
heat of fusion of the crystal mats were measured
using differential scanning calorimetry. DSC ther-
mograms obtained with various heating rates show-
ed double endothermic peaks. The one at the hi-
gher temperature, which is prominent on slower
heating rates, decreases as the heating rate increa-
ses up to 80 K/min. Until finally only one peak
is observed. Crystal thickness and melting tempe-
rature increase with the crystallization temperature.
Annealed crystals showed higher melting temper-
atures than those of corresponding unannealed cry-
stals. The enthalpy of fusion values were indepen-
dent of heating rates for both annealed and unan-
nealed crystals. It is observed that the enthalpy
of fusion increases as the crystallization tempera-
ture increases. At low crystallization temperatures,
which correspond to constant lamellar thickness re-
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gions, the enthalpy of fusion is invariant at low tem-
peratures, but at temperatures above 130 C the
enthalpy of fusion increases. From the plot of
observed melting temperatures (7,,) versus recipro-
cal lamellar thicknesses (1//), the melting point of
an infinitely extended crvstal (7,°%) was obtained
for both unannealed and annealed crystals. From
the extrapolation of the plot of heat of fusion (AH,,)
versus 1// the obtained enthalpy of fusion of the
infinite crystal (AH,) was 270 J/g. The obtained
thermodynamic melting temperature and enthalpy
of fusion is higher than the reported values of the
corresponding nylon 6,6 single crystals. It appears
to be due to the higher hydrogen bonding density
in nylon 4,6 than in nylon 6,6. By applying these
values to the Hoffman-Weeks equation, a fold sur-
face free energy value (o.) of 65.4 erg/cm’? was cal-
culated for the solution grown nylon 4,6 single cry-
stals. The degree of crystallinity was assessed from
AH,/AH, and the observed crystallinity of solution
grown nylon 4,6 single crystals falls in the range
of 40 to 50%.
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