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ABSTRACT Combined X-ray and molecular modeling approaches have been used to characterize and 
rationalize the crystalline transition displayed by polyamide 6,6 upon temperature and water treatment. 
Polyamide 6.6 material an processed by extrusion exhibita crystalline features close to those reported for the 
pseudohexagonala? phase. Uponstorage, the water uptake inducessolid state polymorphic transitions. This 
results in an evolution of the crystalline moiety toward the so-called a, triclinic form. This phenomenon is 
reversible under temperature treatment. Modeling of the preferred three.dimensional organizations of 
polyamide 6.6 chains shows that several of these structures are energetically stable. They correspond to 
intermediate arrangementa between the 01s and 02 phases. Further modeling of water interaction with an 
assembly of polyamide 6.6 chains indicates that water does not penetrate the crystalline part. Instead. by 
reactinp-withthecryrtallinesurfaces, morepreferentially with the bc plane, it induces thestructural evolution 
from a? to a t .  Sugpeations about the interactions hetween water molecules and the amorphous phases are 
also presented. 

Introduction 
The temperature and the sorption of water have 

dramatic effects on the structural and mechanical prop- 
erties of polyamide 6,6. The usual consequences of thermal 
treatment such as annealing yield an increase in crystal- 
linity of the polymeric material.' Subsequent significant 
reductions in impact strength and elongation to break are 
observed. As for water uptake, the change from dryness 
to saturation at room temperatureis responsible for a4-fold 
decrease in the modulus of unoriented polymer.2 The 
effect of water on some properties of oriented polyamide 
6.6 have been interpreted in terms of crystalline domains 
having their largest dimension in the hydrogen bond 
direction.3 From the sorption and the desorption iso- 
therms of water on amorphous polyamide 6,6, it has been 
suggested' that three water molecules are sorbed on two 
neighboring amide groups in the accessible regions of the 
material (see Figure 1 for a schematic reDresentation of 
the polymer). 

Crystalline polyamide 6,6 is precipitated from solution, 
either from methanol or from glycerol or ethylene glyco1,S 
and well oriented samples can be obtained. Fiber X-ray 
crystallography has helped identify the crystalline ar- 
rangement taken by the polymer chains in this so-called 
0 1 ~  phase6 having a triclinic unit cell. Under temperature 
treatment, the phenomenon is clearly reversible: a change 
from the triclinic cell to a pseudohexagonal form, the a2 
phase, is observed; it is referred to  as the Brill transition.7s8 
No confusion should be made between the a2 pseudohex- 
agonal form and the so-called all phase which results from 
crystallization by quenching.' In the pseudohexagonal 
form, the c axes and the polymer chains are still tilted 
with respect to  the ab  plane, but the projection of the unit 
cell onto a plane normal to the c axis is metrically 
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Figure 1. Schematicdrawing of the repeatingunit ofpolyamide 
6,6, along with the atomic types. 

hexagonal. The variations of the unit cell as a function 
of temperature have been rep0rted.53~ However, a detailed 
description of this three-dimensional structure is not 
available. Table I summarizes the crystal data for the ai 
andolzphases, whereastheprojectionsofthetwostructures 
are shown in Figure 2. 

The elucidation of the molecular basis responsible for 
some physical properties and/or polymorphic transitions 
still remains a major objective. Many recent advances in 
the theory and application of molecular modeling to 
structural elucidations of polymers have produced a wide 
range of useful results. It is the goal of the present work 
to  provide amolecularvision of the reversible polymorphic 
transition occurring in the solid state, 89 well as to elucidate 
the role of water molecules in promoting such an evolution. 

Materials and Methods 
Experimental Procedures. Extruded polyamide 6,6 samples 

were characterized by wide angle X-ray scattering (WAXS) wing 
Cu Kol radiation. Digital data were collected in a fixed time 
mode at intervals of 0.02' in 28. The 28 scale wan calibrated with 
polypropylene as an internal standard. Moisture treatment was 
accomplished hy exposing the samples to rwm conditions at 22 
"C and 60% relative humidity for 30 days. The evolution of the 
crystalline structure was followed by X-ray diffractometryevery 
15 days. For the sake of comparison, one X-ray diffractogram 
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Table I. Cryrtal Data for U I  and aa Phams of Polyamide 6.6 
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crystal data u1 phase4 u1 phaseb (24 'C) u2 phaseb (202 'C) 
a (A) 4.9 4.95 4.92 
b (A) 5.4 5.44 6.04 
c (A) 17.2 17.38 17.23 
01 (deg) 48.5 48.3 53.5 
B (deg) 77.0 76.6 80.7 

ddc 1.240 1.219 1.069 
AB(deg)c 120 104 0 
a Bunn and Gardner? b Starkweather and Jonea.5 A0 = O(010) - 

Y (deg) 63.5 62.6 60.5 
v (A9 302.5 308.0 351.0 

e(io0). 

I 
i 
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Figure 3. Wide angle X-ray scattering pattern of a polyamide 
6,6 sample processed by extrusion: experimental (full line) and 
calculated diagram (dashed line), including individual peaks (with 
appropriate indexing) and amorphous halo. The dashed-dotted 
line corresponds to the subtraction of the amorphous component 
from the experimental diagram. 

b) a) 
Figure 2. Projection on the ab plane of the crystalline arrange- 
ment of (a) the a1 phase from the work of Bunn and Gardnefl 
and (b) the a2 phase, constructed from the unit cell parameters 
proposed by Starkweather and Jones: at 202 O C .  van der Waals 
surfaces truncated at 5 A along the fiber repeat axis are displayed 
as dots, whereas the hydrogen bonds are shown as dashed lines. 
was recorded on a polyamide 6,6 sample submitted to accelerated 
aging, i.e. 2 hat 150 OC under the antogeneous pressure of water. 

The part of the X-ray diffractogram ranging from 0 to 35 O in 
28 was refined with the decomposition method described by Tran 
and Bul6on.lO The position of each individual reflection was 
calculated, the peak shape being fitted with a Pearson VI1 type 
function. The refinement of the d spacings corresponding to the 
crystalline phases were performed using an optimization method 
based on a COMPLEX type procedure." Due to the low amount 
of experimental data, parameters were refined in two steps: first 
b, a, and y were refined while a, c, and 8, the parameters which 
define the hydrogen bonded sheet, were given their equilibrium 
values; second, a, c, and 8 were refiied while the other data were 
kept fixed in their optimized values. Finally, the contribution 
arising from the amorphous component was subtracted from the 
experimental spectrum. 

Computational Procedurer. The starting geometry of one 
repeating unit of polyamide 6,6 in its all tram conformation was 
taken from the crystal structure of the a1 phases6 The hydrogen 
atoms were generated in theoretical positions, the C-H and N-H 
bonds b e i i  given the magnitude derived from neutron diffraction 
data. The complete repeating unit (Figure 1) was then submitted 
to a thorough refiiement through molecular mechanics calcu- 
lations. 

The modeling of polymer-polymer interactions was conducted 
by following a procedure reported This method is 
quite appropriate for predicting the packing relationship of two 
polymer chains and for studying polymorphism. Given a rigid 
model of an isolated polymer chain, ita interaction with a second 
chain is studied at varied helix-axis translations and mutual 
rotational orientations while the helices are kept in van der Waals 
contact. In the chain pair modeling, it is assumed that the two 
chains, A and B, are regular helices. Their periods must be 
commensurate, and the chains can only be parallel or antiparallel 
to one another. A set of four interhelical parameters is required 
in order to define the geometric orientation of chain A relative 
to chain B. These are PA and C(B, rotations of the chains A and 
B about their axes from 0 to 360'; A, and A, represent positional 
shifte normal and parallel to the identity axes, respectively. 

The interaction energy of the two chains is considered to be 
the sum over all pairwise atom-atom interactions. Such inter- 
actions are calculated according to 6 1 2  potential functions.16As 
for the energy stabilization arising from hydrogen bonding, an 
extra term has to be included. In this case, a simple energy 
criterion is used, based on the distance between oxygen and 
nitrogen atoms which can interact through hydrogen bonding.16 
For these purposes, a computer program was developed which 
could be interfaced with the CHEM-X software package.17 

Water-polyamide 6,6 interactions were simulated using mo- 
lecular mechanics methods with the CHEM-X force field.17 Point 
charges on atoms of the polymer repeat unit were derived from 
semiempirical calculations with the use of the MNDO Hamil- 
tonian.'a They were kept unchanged over the duration of the 
simulation. The hydrogen bonds were taken into account by 
following the expression given by McGuire et al.19and using the 
magnitude derived by Garcia and Starkweather." The mini- 
mization was performed on a set of three water molecules 
interacting with four polymer chaiis. The polymer chains were 
constrained to remain in a crystallographic register. They were 
allowed for rotational and translational motions along the fiber 
axis (from 0 to 360' and 0 to half a fiber repeat, respectively). 
Only small translational motions along the crystallographic axes 
a (4.5 A < a < 6.0 A) and b (5.0 A < b < 6.5 A) were investigated. 
The motions of the water molecules were unconstrained. 

Results and Discussion 
X-ray Diffraction. The wide angle X-ray scattering 

pattern recorded on a polyamide 6,6 sample processed by 
extrusion is shown in Figure 3. This is a typical exper- 
imental diagram which can be decomposed as indicated 
in the Materials and Methods section. Appropriate 
removal of the contribution arising from the amorphous 
halo reveals the presence of three diffraction peaks which 
can be indexed as (OlO), (loo), and (002), by analogy with 
the triclinic unit cell.6 Quite interestingly, this X-ray 
diffractogram does not correspond to the cy2 type of 
structure. The changes of the three-dimensional polymer 
structure upon aging and subsequent water uptake are 
depicted in Figure 4. The three diffractograms have been 
recorded a t  15-day intervals. The striking feature is the 
variation of the d spacings of reflections (100) and (010) 
which indicate a significant evolution of the crystal lattice. 
After 30 days, the water uptake reaches equilibrium around 
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Figure 5. Reconstructed wide angle X-ray scattering pattern of 
a polyamide 6,6 sample submitted to accelerated aging during 
2 h at 150 "C under vapor pressure in an autoclave. The 
amorphous halo has been removed. 

Table 11. Evolution of the Unit Cell Dimensions of 
Polyamide 6,6 as a Function of Time Storage at Room 
Temperature and 60% RH and Comparison with the 

Sample Submitted to Accelerated Aging 

Figure 4. Reconstructed wide angle X-ray scattering pattern of 
a polyamide 6,6 sample after amorphous halo removal, as a 
function of aging: (a) just after extrusion; (b) after 15 days of 
storage at room temperature and 60 % relative humidity; (c) after 
30 days of storage at room temperature and 60% relative 
humidity. 

2.25% (w/w) and no further changes of the crystalline 
unit cell are detected for this type of storage. This 
observation is also reflected by the asymptotic value 
reached by At3 (6(010) - O(100)) which indicates a variation 
of the structural arrangement toward the a1 phase. 
Nevertheless, such a phase, for which a typical wide angle 
X-ray scattering diagram is shown in Figure 5, is never 
reached under the conditions used for the storage of the 
polymer. Table I1 summarizes these structural changes 
in terms of variations of unit cell dimensions. Quite 
interestingly, we observed that aging is accompanied by 
an increase of the fiber repeat dimension. This finding is 
in agreement with recent molecular dynamics calcula- 
tionsZ1 which indicate that some segmental molecular 
motions are likely to occur along the c fiber direction. 

sample 
cryst data as such 15 days 30 days accelerated 

a (A) 5.15 4.99 5.03 5.00 
b (A) 5.96 5.55 5.82 5.28 
c (A) 17.44 17.40 17.53 17.75 
a (deg) 53.0 54.3 50.2 49.8 
B (deg) 76.5 78.8 79.5 75.1 
Y (deg) 58.6 58.4 57.0 61.4 
v (A3) 362.4 328.9 319.5 313.3 
ddc 1.035 1.140 1.174 1.197 

water uptake (w/w) 0.00 2.22 2.25 17.00 
A% (degIa 28 47 58 110 

A% = %(010) - O(100). 
Chain-Chain Interactions. The a priori modeling of 

the chain association was intended to provide under- 
standing of how crystal structures form as well as describing 
all the low energy chain pairing which may occur in the 
noncrystalline regions. In the present investigation, the 
starting information was the t rans  conformation of the 
polyamide 6,6 chains. In a first step, all the possible 
arrangements occurring between two polyamide 6,6 chains 
were examined (Figure 6). This was performed by rotating 
PA and ~ C ( B  over the whole angular range from 0 to 360' by 
increments of 10 deg. The relative displacement (A,) of 
the chains was investigated over the whole length of the 
fiber repeat by 0.5-A increments. For each setting of the 
chains, as a function of PA, PB,  and A,, the magnitude of 
the perpendicular off-set Az was computed according to 
the contact procedure. The value of the energy corre- 
sponding to each set of chain orientations as defined by 
the set of four interhelical parameters, was evaluated. 
Within the three-dimensional space (PA, p ~ ,  and A,), the 
search for the energy minima was performed. The results 
indicated that the significant energy minima occurred for 
values of p~ and PB such that MA = PB. The coupling of 
p~ and PB rotation angles suggests that the relative packing 
of neighboring chains of polyamide 6,6 is best achieved 
through translational symmetry. From now on, the 
investigation was conducted by assuming that p~ = p ~ .  
This allows for a straightforward two-dimensional study, 
and the variations of A, have been calculated as a function 
of the translation A, along the fiber axis and the coupled 
rotation angle = pg. 
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Figure 6. Interhelical parameters required to define the 
geometric orientation of chain A and chain B of polyamide 6,6. 
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Figure 7. Interchain energy contour maps as a function of the 
translation Az along the fiber axis of polyamide 6,6 and the coupled 
rotation p~ = p ~ ,  corresponding to perpendicular off-set Ar 
satisfying the contacting procedure between two single chains 
of polyamide 6,6. Contours have been drawn at intervals of 5 
kcal/mol. * indicate low energy arrangements in which the 
polyamide chains are associated by hydrogen bonds; A indicate 
low energy arrangements in which the polyamide chains pack 
only through van der Waals interactions (as along the b axis in 
Figure 2); 0 indicate the orientation between two chains as 
observed in a1 and a2 phases (as along the a axis in Figure 2); 0 
indicate the orientation between two chains as observed in a1 
and a2 phases (as along the b axis in Figure 2). 

Figure 7 is a representation of the variations of the 
interchain energy corresponding to the optimum perpen- 
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Figure 8. Interchain energy contour maps as a function of the 
translation Az along the fiber axis of polyamide 6,6 and the coupled 
rotation p~ = p ~ ,  corresponding to perpendicular off-set Ar 
satisfying the contacting procedure between one single chain 
and a pair of polyamide 6,6 chains having the orientation PA = 
80' and Az = 15.2 A. Contours have been drawn at intervals of 
5 kcal/mol. * indicate low energy arrangements in which the 
polyamide chains are associated by hydrogen bonds; A indicate 
low energy arrangements in which the polyamide chains pack 
only through van der Waals interactions (as along the b axis in 
Figure 2); o indicate the orientation between one single chain 
and apair of polyamide 6,6 chains as observed in a1 and a2 phases 
(as along the b axis in Figure 2). 

dicular off-set, A,, as a function of translations, Az, along 
the chain direction and coupled rotations of PA and PB. 
For the first duplex, the optimum value of A, is 4.7 A. The 
map exhibits an obvious symmetry which is due to the 
centers of symmetry within the repeat unit of the polymer 
chain. Consequently, only one section needs to be 
described. Low energy domains are found which corre- 
spond to a somewhat restricted range of PA values and an 
extended range of Az values. Within these domains, several 
energy minima are found, the locations of which are 
reported in Figure 7 along with those corresponding to the 
chain pairing observed in the 011 and a2 phases. The lowest 
energy interchain pairing corresponds to an arrangement 
where intermolecular hydrogen bonding of the type 
N-H-0 occurs. However, it  does not correspond to the 
organizations observed in the two polymorphs which 
display this type of hydrogen bonding. In contrast, one 
of the secondary low energy minima corresponds closely 
to the situation observed for another type of chain pairing 
in the two crystalline polymorphs. The occurrence of 
several energy minima in the vicinity of PA = 180' for 
values of Az ranging from 0 to 17.2 A indicates that there 
are many stable ways to pair parallel chains of polyamide 
6,6. All these pairings correspond to chain-chain inter- 
actions where all the contacts are of the van der Waals 
type. Obviously, such situtations may occur in the 
amorphous phase of the polymer. 

The second step of the investigation was concerned with 
the setting of all the possible arrangements occurring 
between a pair of polyamide 6,6 chains having the 
orientation corresponding to the lowest energy and a single 
chain. Figure 8 is a representation of the variation of the 
interchain energy corresponding to the optimum perpen- 
dicular off-set, A,, as a function of translations, Az, along 
the chain direction and rotations of PA. The calculated 
map in Figure 8 no longer displays any symmetry. The 
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Table 111. Lattice Constants Predicted from Theoretical 
Packing Calculations 

cryst data lattice 1 lattice 2 lattice 3 lattice 4 lattice 5 

Macromolecules, Val. 26, No. 17, 1993 

a (A) 4.91 4.91 4.91 4.91 4.91 
b (A) 5.37 5.62 5.68 5.31 5.62 

a (deg) 50.2 41.7 48.1 49.7 47.7 
13 (de@ 69.5 69.5 69.5 69.5 69.5 
Y (deg) 84.3 83.4 83.5 80.5 65.5 
v (A31 321.4 328.8 329.3 319.1 317.6 
A8 (deg)o 66 62 51 79 62 

c (A) 17.2 17.2 17.2 17.2 17.2 

a Ae = e(oio) - e(io0). 
section of the map corresponding to values of PA ranging 
from 160 to 340° is identical to the same section of the 
map shown in Figure 7. Several alterations are observed 
in the remaining part of the map such as the occurrence 
of new energy minima. Among them, five subsequent 
stable three-dimensional organizations of chains in a 
latticelike fashion can be obtained. Predicted crystal 
parameters derived from these lattice models are described 
in Table 111. These data correspond to unit cells of 
polyamide 6,6 which would be intermediate between the 
two reported cy1 and cy2 phases. In this way, theoretical 
packing calculations seem to correlate well with experi- 
mental data. 

Water Induced Polymorphic Transformation. As 
presented above, there are many circumstances whereby 
a transition from the pseudohexagonal cy2 phase to the 
triclinic a1 phase can be observed in which hydration is 
the driving force. For the modeling study, the starting 
system was made up of four chains of polyamide 6,6 having 
the orientations found in the cy2 phase, plus water 
molecules. The starting locations of these water molecules 
was derived from a previous ana ly~is .~  One of the water 
molecules is firmly bound to two adjacent carbonyl groups 
from two different chains; the other water molecules are 
in proximity of the N-H bond of the chain, located half 
a period away from the previous arrangement. The water 
molecules are interacting with the bc plane of the cell. The 
energy minimization was performed with the geometric 
constraints described in the Materials and Methods 
section. After 200 cycles of energy refinement an inter- 
mediate hydrated organization is reached. There are still 
two polyamide 6,6 chains which interact through N-H-eO 
hydrogen bonds in a way which differs from the starting 
arrangement of the a2 phase. As for the chains interacting 
directly with water molecules, they have switched toward 
a stable arrangement which prefigures the bc plane found 
in the a1 phase. The lack of translational symmetry 
between the polymer chains of the intermediate phase 
indicates that such an arrangement cannot extend over a 
long distance and cannot be considered as a nuclei for 
crystal growth. Nevertheless, the intermediate organi- 
zation remains stable when submitted to further energy 
refinement. By alteration of the boundary conditions on 
the a and b axes (i.e. 4.5 A < a < 5.3 A and 5.8 A < b < 
6.2 A) another stable arrangement is found after about 
100 cycles of energy minimization. Within this refinement, 
the major changes occur between the polymer chains which 
are directly hydrogen bonded. Only minor changes are 
observed for the locations of the water molecules. The 
overall arrangement of the polyamide 6,6 chains corre- 
sponds very closely to the al phase. I t  has to be noted 
that, within the set of boundary conditions used in the 
present simulation, there is no evidence whatsoever for 
the water molecules to dissociate the interchain arrange- 
ments and penetrate further the "crystalline" domains. 

The computer simulation would not be thorough without 
investigating the situation where the water molecules are 

ff1 

Figure 9. Model of the polymorphic transition from the a2 phase 
to the a1 phase for polyamide 6,6 in the solid state. The van der 
Waals surfaces of the water molecules are shown with dots; the 
hydrogen bonds are shown as dashed lines. 

interacting with the ac plane of the cell. Even with the 
set of periodic conditions mentioned above, is has never 
been possible, in our hand, to reach any convergence. 

The present work helps in understanding the polymor- 
phic transitions occurring in polyamide 6,6 and provides 
insights into intimate molecular details associated with 
such a transition. For the first time, a transition pathway 
from the cy2 to the cy1 crystalline phases is suggested which 
incorporates the participating role of water molecules. 
There is also the occurrence of a stable intermediate stage 
which may very well explain the slowness of the reverse 
Brill transition. Water molecules induce a progressive 
rotation of the chains in a two step process. A schematic 
representation of such a polymorphic pathway is depicted 
in Figure 9. Such a scheme may not operate on a long 
distance range and cannot involve cooperative motion of 
an entire crystal. Indeed, Starkweather22 concluded from 
excess heat capacity measurements that the Brill transition 
occurs point by point involving small groups of adjacent 
polyamide chains. This is in contrast with what has been 
suggested in the case of polyamide 6 where the polymorphic 
transition is caused by the swelling by water of the 
noncrystalline regions.23 

derived from solid 
state 2H NMR we conclude that water molecules have to 
be excluded from the crystalline regions. Nevertheless, 
the 012-a1 transition requires some minute amount of water 
which presumably is located within the interlamellar 
amorphous phase. The size of the crystals in polyamide 
6,6 has been estimated22 to be on the order of 100 A. One 
may deduce that in a typical sample obtained from 
crystallization in water, and exhibiting 50% crystallinity 
and a global water uptake of 9% (w/w), only 1% (w/w) of 
water would go to the interlamellar amorphous phase, the 

In agreement with the 
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remaining 8 % (w/w) being located in the intrinsic amor- 
phous phase. Therefore, there is, on average, one water 
molecule per two carboxylamide groups (or one water per 
repeat unit of polyamide 6,6). In the amorphous phase, 
the amount of carboxylamide groups involved in hydrogen 
bonding of the N-H--O=C type, is on the order of 95 % . 
One may conclude that the great majority of water 
molecules located in the amorphous phase tend to associate 
to ultimately form clusters when the equilibrium state is 
r e a ~ h e d . ~ ~ * ~ I  

Crystalline Transition of Polyamide 6,6 4425 

Conclusions 
The present work has demonstrated that after being 

processed by extrusion, polyamide 6,6 displays an X-ray 
diffraction pattern close to, albeit nonidentical, the 
pseudohexagonal a2 phase. Upon storage at  room tem- 
perature and relative humidity of 60% the polymer 
undergoes a slow polymorphic transition toward the 
triclinic a1 form, without reaching it. Both a1 and a2 phases 
seem to correspond to extreme cases, respectively induced 
by water and temperature. Our modeling study provides 
detailed molecular comprehension of how such an a2-a1 
transition may be induced by water; the existence of stable 
structural intermediates is obviously required in such a 
solid state transition. Within the range defined by the a2 
and a1 forms other stable three-dimensional arrangements 
are also viable, as indicated by the experimental data and 
the modeling of chain-chain interwtions. The present 
results also suggest that only a fraction of the water uptaken 
by the polymer may be actively implied in promoting the 
transition. This results in an accumulation of water 
molecules in the amorphous region. Because of the high 
cohesive forces present between polyamide chains in the 
amorphous part, the water molecules are forced to 
aggregate in a cluster type fashion. 
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