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Deuterium nuclear magnetic resonance of deuterium oxide in nylon 6
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Abstract

The large strain uniaxial tensile deformation behavior of nylon 6 plasticized by deuterium oxide is investigated by an in situ stretching
device built in a deuterium nuclear magnetic resonance (NMR) probe. JDarDlecules probe the environment of the amorphous regions
in nylon 6; they do not exist in a “free” state and remain associated with the amide groups by hydrogen bonding during deformation.
Deuterium NMR spectra show that the quadrupolar splitting varies linearly with strain throughout the experiment, indicating that the
orientation of the BO molecules in the amorphous regions is simply a function of strain and not of stress. The line width increases rapidly
with strain at low to moderate strains but more slowly at large strains (in the strain-hardening regime). From low to moderate strains, larger
changes in line width arise from a decrease in the translational motion of,eblecules between amide groups in the amorphous chains
during elastic deformation and during the transformation of the lamellar structure of nylon 6 to a fibrillar one. At large strains, the existence
and deformation of the fibrillar structure cause a slower decrease in the translational motion of the plastR€r Elsevier Science Ltd.
All rights reserved.
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1. Introduction We intend to continue to utilize this powerful tool to
examine the motion of such absorbed water molecules

Polyamides are important engineering plastics whose while the polymer is undergoing active deformation,

mechanical properties are greatly influenced by its moisture thereby giving insight into the deformation process and

content. Water plasticizes the nylon matrix and causes athe role of the plasticizer. There have been various NMR

reduction in the glass transition temperaturg,) (and studies on plasticizers in polymers [11-13]. The amount of

Young’'s modulus [1-3] but enhances the toughening experimental data available on actively deforming polymers

behavior [4]. It was postulated that such behavior is due is limited. In an earlier work we studied phendy-in

to the “softening” of the polymer as water disrupts hydrogen deforming nylon 6, the former being chosen because it

bonds between amide groups [1], but to date there hasdoes not undergo exchange with the hydrogen atom on the

been no work which is able to shed light upon the motional NH group and because of the resulting good signal to noise

states of the water molecules or polymer chains during since it is absorbed in large quantities [14]. Other research-

deformation. ers have also used deuterium NMR to investigate small
Extensive evidence has shown that water only penetratesstrain deformation in deuterated polycarbonate [15] and

into the amorphous regions of nylon [5-7], but there has performed time resolved simultaneous X-ray of poly-

been some debate regarding its nature. Puffr and Sabend&thylene undergoing active cold drawing [16].

have suggested the presence of both “loosely” and “tightly”

bound water molecules in the matrix [8]. Using deuterium

NMR techniques, we have demonstrated that water 2, Materials and methods

molecules exist only in one state in wet nylon [9], thus

supporting the viewpoint held by le Huy and Rault [10]. Two millimetre diameter nylon 6 rods were purchased

from Goodfellow Corporation and deuterium oxide was

mpon ding author. Tel.:+ 1-617-253-5066; fax: + 1-617-253- obt_ained from Cambridge I_sotope Laboratories. The_,\ molecular

3122 weight of the polyamide is 60,000 g/mol, determined from
E-mail addresskkgleasn@mit.edu (K.K. Gleason). viscometry measurements using 2,2,2-trifluoroethanol as a
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Fig. 1. (a) Stress—strain curve of nylon 6 rod plasticized wit® Dat
elongation rates of 2 and 0.25 mm/min. (b) Quadrupolar splitting (kHz)
versus strain. (c) Line width (kHz) versus strain.

solvent at 23.5- 0.5°C. Differential scanning calorimetry
(DSC) showed that the crystallinity of the material is about
30%. Without any further modification the rods were dried
in vacuum at 10TC for 48 h to remove trace water. The rods
were then immersed inJ® until equilibrium was achieved,
which took about a month. Equilibrium was considered
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Fig. 2. Deuterium NMR spectra of O in nylon 6 rod undergoing active
tensile deformation. The corresponding strains are shown on the left. The
elongation rate is 2 mm/min. Each spectra is the accumulation of 300 scans
with a digitization rate of 2Qus.

The uniaxial tensile experiments were performed on an
Instron 4201 machine to obtain the stress—strain curves. The
gauge length of the samples was 10 mm and they were
stretched to lengths of 20 and 18 mm at elongation rates
of 0.25 and 2 mm/min, respectively. Over the time scale
of the experiments, typically less than 1h, there was
negligible loss of DO molecules to the atmosphere, as
determined by simply placing a control sample on the
machine and measuring its weight an hour later.

The NMR work was done at room temperature at
458 MHz for deuterium. A stretching device was
constructed in a deuterium NMR probe to perform in situ
uniaxial tensile experiments [14]. The Qpulse time was
5.4 ps. Free induction decays (FID) were obtained by using

attained when no weight change was recorded on successive single 90 pulse. The recycle delay was 0.1 s and the
days. These rods were then subsequently used in Instron andligitization rate used was 30s with a total acquisition

NMR experiments.

time of 10.24 ms. In the experiments with elongation rates
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Fig. 3. Deuterium NMR spectra of @ in nylon 6 rod undergoing active

of nylon 6 which is fully saturated with f (i.e. gained

12 wt% of D,O). Both curves show a yield point and strain
hardening. In addition, the curve for the faster elongation
rate exhibits a yield drop. The deformation was homo-
geneous and necking did not occur in either sample. Plasti-
cization of the amorphous regions of the nylon rods by the
D,O molecules resulted in yield strengths of less than
20 MPa, much lower than that of dry nylon (76 MPa) [4].

Figs. 2 and 3 show two series of deuterium NMR spectra
of D,O molecules in the amorphous phase of nylon 6 as a
function of strain for elongation rates of 2 and 0.25 mm/min,
respectively. It is known that ®» molecules undergo
chemical exchange with the NH groups in the amorphous
regions [5,6]. However, as the exchange rate is slow
(~107°5s), it is possible to selectively detect only signals
from D,O (as is the case for Figs. 2 and 3) by using a slow
digitization rate (2Qus) during acquisition [9]. The bottom-
most spectrum of each figure shows the spectrum,af
the undeformed rod. It is a narrow Lorentzian with a line
width of less than 850 Hz indicating that the order parameter
is zero and that the J® molecules in the amorphous regions
undergo isotropic reorientation which is fast compared to
the quadrupolar interaction-200 kHz). The line widths of
the spectra increase with strain and eventually split into a
doublet at higher strains. The samples in the probe deformed
in a homogenous manner without necking as in the
corresponding Instron experiments.

The narrow line widths throughout Figs. 2 and 3 indicate
that, even at large strains,,O is still in the motionally
narrowed limit. The presence of a doublet in the upper
spectra in both Figs. 2 and 3, then, proves thaODD
molecules probing the amorphous regions in the strained
nylon have a non-zero order parameter. The NMR spectrum
of a deuteron in a small molecule diffusing in an aniso-
tropically ordered medium consists of a doublet whose
splitting Av is given by [11,12,17,18]

Av = %vq[<P2(cose)> + %n<sin2 000521>>]P2(cos.(2) 1)

wherey, is the quadrupolar coupling constantthe asym-
metry parameterf and ¢ the instantaneous polar and
azimuthal angles between the OD bond and the stretching
direction, and(? the angle between the stretching direction

tensile deformation. The corresponding strains are shown on the left. The and the magnetic field. The quadrupolar splitting is directly
elongation rate is 0.25 mm/min. Each spectra is the accumulation of 1200 related to the average order parame(@(z(cos()» =

scans with a digitization rate of 30s.

((3cos’ 6 — 1)/2) of the OD bonds of the BD molecules
in the amorphous phase. Moreover, in those spectra showing

of 2 and 0.25 mm/min, 300 and 1200 scans, respectively, a doublet, no central peak is observed. Thus, there are no

were needed for each spectrum.

3. Results and discussion

“free” (i.e. isotropically mobile as in a liquid, thereby result-
ing in a narrow central Lorentzian peak [12,19]),@®
molecules throughout the deformation process. Such a
splitting has also been observed for benzdnéa poly-
styrene solution of a concentration of 125 mg/ml under-

Fig. 1a shows plots of engineering stress versus engineer-going shear [20] and in the authors’ previous work [14]

ing strain (straing, is defined ag = AL/Ly whereAL is the

increase in length anl, is the initial length of the sample)

with phenolds in nylon.
As further proof of the anisotropy of the environment
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A of orientation due to chain relaxation. As expected from
\ Eqg. (1), the spectra for the relaxed speciniéh= 0°) in
|| Fig. 4c shows twice the quadrupolar splitting (1450 Hz)
compared to that in Fig. 462 = 90°), indicating that the
D,0 molecules are experiencing an anisotropic environment
RO M. in the deformed material. By substituting = 2132 kHz
I [21], 2 =90 andn = 0 into Eqg. (1), we can calculate the
o average order paramet@®,(cos6)) of the OD bonds in the

\ amorphous regions along the stretched direction. We have
chosen to neglect the small value of the asymmetry para-
) meter ¢; ~ 0.1 for OD bonds [21]) in order to get an order
‘ of magnitude estimate for the order parameter. The resulting
[V values of(P,(cos#)), which are in the order of 10, are
\ shown on the right axis in Fig. 1b and they agree well with

/ the results of Hutchison et al. [11] for,D in nylon 6 fibers
c M at low draw ratios. Schreiber et al. have measured the order
T parameter of the amorphous region in hot drawn nylon 6

6 4 20-2 -4-6

KHz fibers using carbon-13 solid state NMR and calculated a

value of 0.06 for nylon 6 fibers of draw ratio 2 [22]. The
Fig. 4. Deuterium NMR spectra ofD in nylon 6 rod with its axis atangles  lower time averaged values obtained foDreflects in part
of 2= 0°and 2 = 90° to the magnetic field: (a) at maximum elongation  the ability of the solvent molecules to sample several sites in
under tension with2 = 90",_ (b) a_fter release from tension witf2 = 9C°, the drawn nylon 6 matrix during the NMR measurement
(c) after release from tension witfl = 0. period. Furthermore, the order parameters of phelpah

stretched nylon 6 [14] are four times higher than that of
probed by the BO molecules due to deformation, the D,O, implying that the mobility of the bulkier probe
polymer sample which was elongated at 2 mm/min, was molecule is more restricted.
removed from the probe 4 h after the deformation. The Each spectrum in Figs. 2 and 3 was regressed using two
sample contracted as it was released from stress. A sectiorLorentzian components as shown in Fig. 5. The distance
of the deformed specimen was cut and placed in the probe.between the peaks of the two components is taken to be
NMR acquisition was done with the sample axis oriented at the quadrupolar splitting. Fig. 1b and ¢ shows, respectively,
angles of2 = 0° and 2 = 90° to the magnetic field. The the plots of the quadrupolar splitting and line width
resulting spectra are shown in Fig. 4b and c. When the (taken as the average of the line widths of the two fitting
sample is still under stress at maximum elongation components) versus strain.
(Fig. 4a, 2 = 90°), the quadrupolar splitting is 1108 Hz. From Fig. 1b, the splitting varies fairly linearly with
The effects of the sample being released from stress canstrain for both elongation rates even though the stress—strain
be seen by the reduced quadrupolar splitting (722 Hz) in curve shows a non-linear behavior. The splitting shows little
Fig. 4b, the lower value for splitting a result of lower degree deviation from linearity at strains where yield, yield drop
and strain hardening are observed. This indicates that the
orientation of the O molecules associated with the amor-
phous chains is a function of strain rather than of stress. The
slower elongation rate gives rise to a slightly lower splitting
which can be attributed to some relaxation of the polymer
chains.

On the other hand, the line width data in Fig. 1c behaves
differently. At low and intermediate strains, the line width
shows a more rapid increase with increasing strain, whereas
at higher strains, the increase is more gradual. This behavior
indicates that the mobility of the J® molecules in the
amorphous regions decreases as the polymer is being elon-
gated. The faster elongation rate results in a higher line
width which is due to the more restricted mobility of@
in a more oriented environment.

At small strains, the increase in quadrupolar splitting [23]
Fig. 5. The deuterium spectrum in Fig. 3 at a strain of 1.0, with the least reflects .the order of the {0 mOIECUI_eS associated with _the
squares components obtained by regression. The quadrupolar splitting isOfi€ntation of the amorphous chains as a result of inter-
represented byv and the line width byt W. lamellar shear and other processes that tend to align these

Data
--------- Lorentzian components
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chains in the draw direction. The ,0 molecules are
sampling a more anisotropic environment which restricts
their motion thereby resulting in an increase in line width

of the spectra. At the yield point, significant amounts of ;

crystallographic slip in the nylon 6 crystals relieve the
constraints on the tie molecules, followed by transformation
of the lamellar structure of the crystalline regions to a fibril-
lar structure during strain softening [16]. The overall effect
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However, assuming one correlation time alone causes a
discrepancy between tig and T, results [9], and Eq. (6)
was modified to take into account an additional correlation

is to allow the amorphous chains to attain a higher degree of e 71 due to translational diffusion [24,25]:

orientation, thereby increasing the quadrupolar splitting and
line width of the QO spectra.

The subsequent load—extension curve plateau and Strair{/vhere X

hardening result from the deformation of the fibrillar struc-
ture [16]. Though the quadrupolar splitting continues to

Jo =27, + 48271—

8

is the mean square fractional change in the
quadrupolar coupling and is assumed to be 1% [25]. The
dependence dff; on the amount of BD absorbed by nylon 6

Increase Ilndearllyhln this reglllon, t_he |Zcrgafse n ::ng width shows a minimum, indicating correlation times in the order
is more gradual than at small strains. As before, the increase wo7e~ 1 [9]. An estimate can be made for the diffusion

in splitting is attributed to an increase in the orientation of
the D,O molecules directly probing the structural rearrange-

ments of the chains in the amorphous regions as they = L_2

continue to align along the tensile axis due to deformation.
The deformation of the fibrillar structure also restricts the
mobility of D,O resulting in the increase in line width. The
results are different from the experiment with phedeln
nylon where the line width is invariant at high strains.

In order to obtain a better physical picture of the
dynamics of the BO molecules during deformation, spin—
lattice (T,) relaxation experiments were performed for
undeformed nylon 6 rods which had absorbed different
amounts of RO. The behavior of BD in nylon 6 is modeled

as both translational reorientation between amide sites and

rotational reorientation within individual amide sites [9].
For a spin 1 quadrupole with zero asymmetry parameter,
the longitudinal Ty) and transverseTg) relaxation times
are related to the spectral densities by:

1 3x?

T = S5 Vet di(wo) + Ah(20)} @
1 31T2V2

T, = 0 Vi3I0 + Bdi(wn) + 232u0)} 3

wherew, is the Larmor frequency of the deuterog,is the
guadrupolar coupling constant of the OD bond, dpdl;
andJ, are the spectral densities. Due to the sAerand T,

coefficient,D, using the equation:

9

T
whereL is taken to be 8.70 Avhich is the distance between
consecutive NH groups along a single nylon 6 chain inithe
crystal phase [26] and represents an upper limit in the
amorphous region.

When the sample is deforming, either or both correlation
times should change as the,@ molecules experience
different environments due to structural changes in the
polymer. Since the spin—spin relaxation tim&, and
hence line width are sensitive to slow motions [24], we
attribute the behavior of the line width with strain in
Fig. 1c to changes in the translational correlation time
while the rotational correlation time remains unchanged.
In the undeformed sample, the FID time scale of 0.4 ms is
longer than that of+ which is 0.06 ms [9]. Therefore, one
D,O molecule makes an average of 6 hops between
amide sites during the FID. When the polymer is deformed,
the line width increases because the frequency of the hops
decreases. From Eqgs. (3), (4) and (8), the translational corre-
lation time constantt increases with the line width, hence
these observations show that the diffusion coefficient
decreases with increasing deformation.

As the fibrillar structure is developed at high strains, the
D,O molecules are still able to hop from site to site, albeit

time constants of the samples, spin echo experiments couldwith a slower rate than at lower strains. This is in contrast to

not be used to measuf® directly. The value ofT; was
taken to be equal td, as field inhomogeneity effects are
small. T; is obtained from the line widths of the spectra
using the following equation:

i = mr(line width)

T3 4

If the solvent molecules undergo isotropic reorientation
with correlation timer., the spectral densities take on the
following forms:

®)

JOZ’TC

the results for the bulkier phenol molecules, which can hop
between sites in the isotropic nylon matrix but are confined
to individual amide sites on the NMR time scale at large
strains [14]. The smaller size and hence greater mobility of
D,O compared to phenals accounts for this difference.

4., Conclusion

During the active large strain tensile deformation of nylon
6 plasticized by RO, the DO molecules are found to
associate with the amide groups. The quadrupolar splitting
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