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NMR STUDY OF MACROMOLECULAR
ORIENTATION IN DRAWN
POLYPROPYLENE FILMS

J.MURIN’, D. OLCAK', M. RAKOS', Kosice R. SIMO?, Svit

The present paper deals with the problem of the study of macromolecular orientation
in drawn polypropylene (PP) films. For the determination of the degree of macromolecu-
lar orientation in crystalline and in noncrystalline regions the NMR method and optical
birefringence were used. Dependences of the orientation parameters f,. and f,, on the
draw ratio 4 gained by these methods enable to determine the characteristic properties of
the deformation process. The study of orientation was realized on two kinds of PP foils
denoted as Tatren EB 111 znd Tatren PE 141, From each kind of PP there were made
four foils with different draw ratios A. The NMR measurements were performed at the
temperature T,, = 186 K, from the temperature range within which the only free rotation
of CH, groups takes place.

HCCIEJOBAHUE MAKPOMOJIEKYIAPHONK OPHEHTAIIMH
B TAHYTHIX MONUIIPOITIUIEHOBBIX INIEHKAX
IIPH IOMOMH AMP

PaGota nocsdnicna npoGreme HM3YUCHHA MAKPOMONEKYIAPHONR ONMEHTALIMH B THHY-
ThIX UONMIPONMACHOBBIX NNeHKaX. [ onpemencHus crenexu MaKpPOMOJEKYIAPHOM
OPHMCHTAUMH B KDHCTANTHYECKHX U HEKDHCTAIIMYECKHX OGNACTAX HCTIOTh30BANKC -
Meton SIMP u pBofinoe ouTHweckoe JlydenpenomieHue. 3aBUCHMOCTH napaMeTpoR
OMHEHTAlHH f,, u f,, OT KO3¢hHIMEHTa BHITATHBARKA A, NONYYESHHbIE [IPH HOMOLIY ITHX
METOROB, NO3BOJIAIOT ONPENCITHTL XapaKTEPHCTHYECKHE CBOMCTBA RpoLeccoB pedopma-
unn. Yccnenosawke opueHTaimm MPOBOJMNOCH HA NOYX THIIAX HONHIPOMHUAEHOBLIX
IUICHOK C PUPMCHHEIM HA3BAHHMEM Tarpen EB 111 u Tatpen PE 141 u3 Ka3a0ro THua
TIPONHIICHE HITOTOBNECHB! YETBIPE ITEHKH C Pa3THIHbIMY KO3 PHUHEHTAMH BHITATHBA-
s A.

SIMP-u3Mepesus npoBeReHs! npu Temneparype Ty = 186 K, naxonsmesics s o6aacTu
TEMIEPATYD, KOIa MMEET MECTO EIMHCTBEHHOE CBOGONHOE Bpaiuenne rpynn CH,.
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L. INTRODUCTION

The deformation process, e.g. the uniaxial drawing, is one of the important
technological processes with possibilities of influencing the physical properties of
polymer fibres and foils. By those processes a preference orientation of mac-
romolecular chains occurs in a certain direction, most frequently in the direction of
the deformation force. The deformation process in polymers is a complex
phenomenon, which depends on the molecular and morphological structure of the
polymer, on the velocity of the deformation and on the temperature at which the
deformation is realized.

According to the fact that the elongation makes essential changes in the physical
Eon@:mom of the polymer, the study of the deformation processes is important from
the point of view of the basic and also of the application research.

. The .o:nEm:oz of the macromolecules involved by the drawing of the polymer
gtves nise to an anisotropy of the mechanical, thermal, electrical, optical and other
properties of the polymer. The study of anisotropy of those properties gives the
possibility to describe the orientation of the macromolecular system on different
levels of structure {microscopic and maCroscopic ones).

For the study of orientation several methods were elaborated, namely: an X-ray
method {1, 2], birefringence [3, 4}, the sonic modulus method (S, 6], the method of
fluorescence polarization [7, 8], the light scattering method [6, 91, the anisotropy of
the heat conductivity [20, 21] and others.

To the above methods there belongs also the method of nuclear magnetic
resonance (NMR), through which the study of orientation of the macromolecular
chains is based on the analysis of the angular dependencies of the second and the
fourth moments of the NMR spectra, respectively.

The papers published so far, which seriously influence the application of the
W/:SW mzoﬂwoa to the study of oriented polymers, are referred to in our papers
12, 13]. :

In paper [13] the theory of the NMR second moment for oriented polymers is
developed to gain information about the degree of macromolecular chain orienta-
tion both in the crystalline and the noncrystalline regions of the polymer. The
theoretical results of paper [13] are applied in the present paper to the study of
macromolecular chains orientation in drawn foils from isotactic polypropylene
(made in Czechoslovakia) denoted as Tatren PE 141 and Tatren EB 111.

According to the available documentation, the problem of the study of orienta-
tion for PP foils or fibres by the NMR method has not been solved up to now. In
paper [23] changes in the shape of the NMR lines and their parameters were
observed in connection with the degree of elongation of the PP fibres.

However, the orientation of the PP films and fibres was studied by other methods
than the NMR one [5, 6, 14, 15, 24]. In paper [6] using the X-ray method,
birefringence and the sonic modulus the orientation parameters f,. and fan
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characterizing the degree of macromolecular orientation in crystalline (subscript ¢)
and in noncrystalline (subscript n) regions were estimated. The authors of the
paper found that the degree and the character of the macromolecular orientation in
crystalline and in noncrystalline regions were different.

Polypropylene has been studied by several authors by the NMR method, but
with the intention to get information about the motion of molecules {16—19]. It
has been found that the motion of CH; groups takes place already at temperatures
below 77 K and that in the range of approximately 150 K up to 250K a free
rotation of those groups occurs both in the crystalline and the noncrystalline
regions of PP in the same way. At temperatures above 250 K a segmental motion
of the main chains occurs predominantly in the noncrystalline regions.

II. THEORETICAL PART

The NMR study of macromolecular chain orientation is the most convenient
under conditions where the molecular motion, active from the point of view of
NMR, has the same character in all the regions. Such conditions for isotactic PP are
realized at temperatures from about 150 K to 250 K [16—19]. Only a free rotation
of CH; groups is the NMR active motion in this temperature range. In such cases as
shown in our paper [13] the parameters f,. and fa, characterizing the orientation of
macromolecules in crystalline and noncrystalline regions cannot be determined
only by means of a second moment analysis. This problem can be solved by the use
of another method, e.g. birefrigence. According to paper [13] the angular
dependence of the second moment M, of the NMR spectrum for a film drawn in
one direction (or a fibre) can be expressed in the form:

M,=A cos*®+B cos’ ©+C, ¢}

where O is the angle between the direction of the drawing and the direction of the
external magnetic field induction B,. The coefficients A, B, C depend on the
configuration and the motion of resonating nuclei and on the parameters f, and fe,
which characterize an average degree of macromolecular orientation.

The configuration and the motion of resonating nuclei within a polymer can be
described by the quantities G,, G, and G, which are explicitly expressed in paper
{13} and which can be caiculated on the basis of our knowledge of the structure and
the kind of the molecular motion. However, numerical values of the quantities A,
B and C can be determined by eq. (1) on the basis of experimental angular
dependences. By means of these quantities the parameters fo and f, can be
¢expressed in the form:

fo=AIG, (2)
fa=(6A +7B)/(6G, +7G,),
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but it is possible to express f, and f: as

MA“NH.\.AAA*Iﬁm'an\.A: va
\Nﬂhﬁn.\.wn +AH lMAsv\EJ

where K, is the crystallinity of the polymer, f,,, fsc, and f,,, f,. are the orientation
parameters of the 4-th and the 2-nd order for crystaltine and noncrystalline
regions.

In accordance with [4, 20] a total birefringence can be expressed by the relatiop -
D = bcnxn.\.nn +DQ=AH 'Nﬁ!v\na- A&v

where A, and A, are intrinsic birefrigences for crystalline and ‘noncrystalline
regions, respectively. .

The ESBQ@.J of orientation f,. and f2n can be determined from €gs. (3) and
(4) by the relations
) foc= Cmnbo.. 5 Dv\mﬁvbe av
fa=(A - f,A.)/(1 -K;)A,,
where Ag= A, — A,,.
According to paper [6] Aq. =29.1 x 10~ and Aon =60.0 X 107* and values of the

G nmnmanuﬁma for a temperature interval 150—250K by {12, 13] are: G,=
24.46x107°T°, G,=—-24.78x 10~* T° and G;=1823x107° T

. EXPERIMENTAL PART

A study of orientation was realized on films of two kinds of isostatic PP, Tatren
PE 141 and Tatren EB 111 (produced in Slovnaft, Bratislava). These two kinds of
the polymer were drawn in the Research Institute of Chemical Fibres in Svit to
obtain films with different degrees of drawing. The polymer melted in an extruder
was extruded on a set of rotated cyliders of the drawing machine by which the
drawing was realized at the temperature +110 °C. The films obtained in this way
were analysed in Svit, the results of the analysis are in Table 1.

The samples prepared from these films for NMR measurements consisted of
stripes with dimensions 2 x 0.6 cm. The stripes formed parallelepipeds connected
with a goniometer by means of a teflon holder in such a way that it was possible to
turn the sample about the axis parallel to the longer side of the stripes. By this
procedure two types of samples were prepared from each kind of the film. They are
denoted A and B. For the A type of the sample the direction of drawing (extruding)
of the film is identical with the axis of the sample turning in a magnetic field. By
turning the A type sample it was possible to change the angle & between the
direction of the magnetic field induction and the plane of the film. The angle 6
between the direction of drawing and the B, did not change during turning and was
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Tabtle 1

Characteristics of the studied PP foils

Polymer A a A Yia Fin T H, K,

Y uml  x10°  (110]  {040] [K] (kkg| (%)
TATREN 1.0 66.1 0 —_ —_ 430.0 67.1 473
PE 141 2.0 42.1 11.57 31.8 325 431.0 66.3 46.7
LVN=286.4 mi m»_ 4.0 30.1 21.40 9.5 8.7 433.0 80.4 56.6
6.65 23.6 23.00 5.6 4.8 436.5 83.6 58.9

TATREN 1.0 59.8 3.69 — — 427.0 722 509
EB 111 20 48.0 12.61 31.4 273 431.0 66.8 47.1
LVN=269.1 ml mn. 6.0 263 26.32 4.8 4.9 437.5 772 54.4
6.8 246 29.55 5.0 5.1 440.0 81.9 57.7

A =1/l is the draw ratio, d is the thickness, A is the total birenfringence, ¥, ,, is the half angle of the
blacking of the X-ray diffraction spots from the denoted crystallographic planes {h k I}, T,, is the
softening temperature, H,, is the latent heat of fusion and K, is crystallinity.

equal to m/2. For the B kind sample the direction of the film drawing is
perpendicular to the axis of turning of the sample in the magnetic field. Hence it
was possible to change the angle @ between the direction of the film drawing and
the direction of the magnetic field induction Bo,. The values of the angle @ (for
A kind sample) and of the angle @ (for the B kind sample) were changed within the
interval 0°~—90° with an increment of 15°. .

The NMR measurements were performed by a commercial RJa-2301 spec-
trometer at a constant frequency f, = 13.02 MHz. Proton NMR spectra were
recorded in a differential form and the second moments of these spectra were
calculated numerically by means of a MINSK computer (Department of Computer
Science UPJS, Kosice).

For a choice of a temperature at which the measurements of the angle
dependences of the second moments M, were carried out, the temperature
dependence of the spectra of one samplie studied (PE 141, A =1, A) was measured
in the temperature range from 120 K to 250 K.

The dependences M, and 6B (6B is a linewidth of the spectrum measured
between the maximum and the minimum of the derivative spectrum) vs. tempera-
ture T for this sample are shown in Fig. 1. For the measurement of the angular
dependence of the spectra the temperature T, =186 K was choosen from the
temperature interval in which the M, and the 6B practically do not depend on
temperature. In this temperature range a free relation of CH, groups is realized
within the isotactic polypropylene and it is possible from the NMR point of view to
consider the CH and CH, groups as rigid [16—18].
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The NMR spectra of PP films do not present 2 fine structure (see Fig. 2). This is
caused by a “smoothing” of a proton dipole-dipole interaction of individual CH,
CH; and CH, groups which are close to one another. 1t is possible to observe some

drawing.

as

8

M3 (1078 2]

Fig. 1. Temperature dependence of the second moment M, and width 6B of the NMR spectrum for the
PPfoilEB 111 (A=1,A type).

The halves of the derivative spectra for the sample EB 111 with 4 = 6.8 (type B)
for three different positions of this sample in the magnetic field with @ = (°, 45°
and 90° are shown in Fig. 2, .

For the samples of the A-type the Spectrum does not change with the angle @ (¢
is the angle between B, and the surface plane of the sample).
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For samples of the B-type the second moment M, depends on the angle © (the
angle between the draw direction and B,), i.e., the greater the draw ratio A is the
more significant is this dependence. This is evidenced by Figs. 4 and 5. Through the
experimental points representing those dependencies we may draw curves which
are defined by Eq. (1). The values of the parameters A, B and C, which
characterize these dependencies, were estimated from the experimental values of

N B-45° B m

s0 F \ \ Ax6.8 .
T=186 K

40

dA/dx

20

x [1074 (]

Fig. 2. Halves of the derivative records of the

NMR spectra at different values of the angle @

for the EB 111 foil (1=6.8, B type): x=B-B,,

where B, is the value of the induction of the

external magnetic field corresponding to the reso-
nance of protons.

M, and by Eq. (1) by means of the leasts

are listed in Tab. 2. Besides this val
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Fig. 3. Angular dependences M,(®) for some PP
foils (the samples of A type) at temperature
» =186 K.

quare method. The values of A, B and C
ues in Tab. 2 there are introduced the

parameters f, and f, evaluated according to Eq. (2) and the parameters fac and f,,

calculated by means of Eq. (5).

IV. DISCUSSION

The results presented in the previous part of this paper show that all the
Quantities measured change with the degree of drawing of the individual foils.
From the quantities introduced in Tab. 1 and 2 the greatest importance have
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a:aismo:oo A, crystallinity K, and the quantities derived from the NMR
experiments. By means of those quantities it is possible to obtain the quantitative
characteristics for the orientation of macromolecular chains in connection with the
degree of elongation 4 of the foils.

Other quantities introduced in Tab. 1 do not directly characterize the degree of

orientation, they serve only for the characterization of the individual films. For this
reason we shall not deal with these quantities.
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E.m. 4. .>=m_.~_w_. dependences M,(©) for PE 141 Fig. 5. Angular dependences M,(8) for EB 111
foils with different draw ratios 4 (the samples foils (A=1.0and 6.8 B type)
B type). ‘ .

The angular dependencies M, for the foils studied are in agreement with the
theoretical results of our paper [13].

According to these theoretical results the second moment of the NMR spectrum
for the uniaxial orientation of the amacromolecular chains does not depend on the
azimuthal angle @, but depends on the polar angle © according to Eq. (1). The
angular dependences M,(®) and M,(®) shown in Figs. 3, 4 and 5 confirm these
theoretical results.

It can be seen from Figs. 4 and 5 and from Tab. 2 that for all the foils studied
(drawn and undrawn) by us the second moment M, depends on the angle @. The
greater the draw ratio A is, the more expressive is the dependence M, on ©. The
degree of the anisotropy of these dependences is given by the coefficients A and B
according to Eq. (1). The quantity C gives the value of M, at © = 90°.

As it can be seen from Tab. 2 the quantities increase with an increasing draw
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Tabie 2

Parameters characterizing angular dependences of the second moment and macromolecular chain
orientation for PP foils

A B C . 5

Polymer A (10T  [10°T [10°TY fae faa f. fa
PE 141 1.0 Q.52 0.98 17.2 0.58 -0.25 0.14 0.02
2.0 3.22 3.75 16.1 0.27 0.24 0.26 0.13
4.0 10.40 10.79 179 0.65 0.28 0.49 0.42
6.65 14.11 14.65 184 0.88 0.36 0.67 0.58
EB 111 1.0 3.93 4.67 17.1 (1.06) -0.41 0.34 0.16
2.6 4.29 4.99 16.6 0.55 0.16 0.34 0.17
6.0 14.52 14.98 188 0.81 0.49 0.66 0.59
6.8 16.10 16.50 19.4 0.72 0.69 0.71 0.66

ratio A. The course of the quantity C with respect to A is more complex ; first it
shows a decrease and then an increase, similarly as it is in the crystallinity K, and
the heat capacity H,, (see Tab. 1). .

Other quantities f, and f, derived from the NMR measurements characterize the
effective degree of the orientation of the whole macromolecular system. As it is
seen in Tab. 2 the values of these parameters increase with A, which shows that with
an increasing deformation the degree of macromolecular orientation also increases.
However, variations of the quantities f, and f, do not enable to understand changes
in the orientation of macromolecular chains which are realized in the crystalline
and the noncrystailine regions, respectively.

Such variations may be described by means of the orientation parameters f. and
f2n, which are derived from the NMR experiments and birenfringce according to
Eq. (5).

We may conclude on the basis of the values of f,. and f,, that for undrawn foils
(A =1) the macromolecular chains in the crystalline regions are predominantly
oriented in the extrusion direction (f,. >0), whereas the macromolecular chains in
the noncrystalline regions are predominantly oriented perpendicularly to this
direction (f;. <0).

Both quantities f,. and f,. are positive for the drawn foils (A > 1), which shows
that the macromolecular chains are predominantly oriented in the draw direction in
the crystalline and noncrystalline regions. The degree of orientation in the
crystalline regions is greater than that in the noncrystalline regions (foc > f2.). The
parameter f,, gradualily increases with the draw ratio A, whereas the dependence of
fzc on 4 is more complex. A decrease of the parameters f;, for the foils with A =2
can be seen in comparison with the undrawn foils. Besides a decreasing f,. we may
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observe w.m_EES:oocm decrease of the crystallinity K, the heat capacity H

the n:mn:Q C characterizing the value of M, at @ = 9(e, For the foils E:VM_ .

mxﬂo:m_on..m (2<A<6)f, monotonically increases with the tendenc et

a saturation state. Y 10 reach
The foil EB 111 with the maximal draw ratio A =68 is an exception to thij

ma.ﬁ the decrease of the value f,. is observed when compared with the fojl mm M%n

with A =6.0. The decrease of fa. for this foil is followed by a considerabie j :

of the parameter fan. e Merease
We Wm.n:co the changes in the course of the parameter fzc with the extensj

(an original decrease, when an increase of f,. with the trend to SEBLM%JM

may arise and as 3 consequence the parameter it i
the foil EB 111 with A = 6.8. P fo dneg Oomeas i " observedat

polymer structure (the X-ray method, light scattering, electron microscopy, etc.).
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