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STUDY OF MODIFIED POLYPROPYLENE FIBRES
BY BROAD-LINE 'H NMR SPECTROSCOPY

SPALDONOVA Z.1, OLCAK, D.1), Kosice

Both changes of a supermolecular structure of the polypropylene fibres and
macromolecular chains mobility caused by modifications of polypropylene were
studied using the broad-line 1H NMR spectroscopy. The following modifications
were carried out: the addition of the high-molecular modifier into a polypropylene
and stretching the fibres prepared from material modified in the way mentioned
above. The information on the influence of these modifications was obtained by
Bergmann's decomposition of the spectra into three components, corresponding to
the crystalline, inetrmediate and amorphous regions and by the analyses of the tem-
perature dependences of the second monent M. The NMR spectra were measured
in a temperature range from 190K up to 390K. It follows from the experimental
data analysis that the presence of the high-molecular addition gives rise to the in-
crease of chains mobility within the amorphous regions. The stretching produces an
increase of the relative mass fraction of the chains motionless from the viewpoint
of the NMR experiment used. These chains were ascribed to the crystalline regions
of the polymer. In addition to that, the stretching results in an increase of the
chain mobility in the intermediate regions, The NMR results were compared with
the optical birefriengence and crystallinity estimated using the infrared absorption
spectroscopy. :

L. INTRODUCTION

At present the regulation of classical polymer properties through physical and
chemical modifications has been given priority in the preparation of new polymer
materials. According to Pennisson the modifications may be divided as follows:
chemical, e.g., the change of molecular weight, end-groups modifying, polymer
blends preparation, addition of convenient polymer modifiers, etc. These are real-
ized in the phase of preparation of the polymer material from which fibres are pre-
pared. Physical modifications, e.g., spinning, stretching, annealing etc. are aimed
at changes of fibre properties due to specific technologies during their produc-
tion [1].

The nuclear magnetic resonance (NMR) techniques are shown to be advanta-
geous for the study of changes produced by modifications mentioned above. By
the use of these techniques many chemical [2-6] and physical {7-10] modifications
of polypropylene (PP) have been investigated.
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In this paper changes of the PP supermolecular structure and macromolecular
chain motion arising from modifications like the addition of the polymer modifier
into the PP and the stretching of the fibres to the various stretching ratios A are
studied. We have supposed that the individual modifications have given rise to
changes of the molecular motion and the arrangement of the main chains in the
monocrystalline regions of PP. For this reason we aimed at the glass transition
temperature range of this polymer.

II. THEORETICAL PART

The shape of broad-line NMR spectra depends on the magnetic dipole- dipole
interaction. Because these depend on the spatial configuration and motion of the
resonating nuclei the NMR spectra measured over a certain temperature range
provide information about the structure and molecular motions in the considered
temperature range.

To obtain this information the NMR spectra were analysed according to the
Bergmann method [11-14]. In accordance, the broad-line NMR spectrum is a su-
perposition of three elementary spectra corresponding to the different kinds of
macromolecular chain mobility. The broad elementary spectrum ys derived from
the low temperature experimental spectrum was attributed to the chains motion-
less from the viewpoint of the broad-line NMR experiment. The middle elementary
spectrum yy, expressed by the product of the Gaussian and the Lorentzian func-
tion corresponds to the chains performing the hindered rotational motion about
C-C bounds. And finally, to the chains performing a quasi free micro-Brownian
motion the narrow elementary spectrum y, expressed by the Lorentzian function
is ascribed. The spectrum calculated y. can be expressed as follows

QnAHv = ez\wﬁﬁ. s, mzav + .ESQSAH, W‘QS. B:. mﬂv + E:.caﬁh. _QM_ mﬂv ﬁwv

where wp, wm, w, are the relative mass fractions of the chains carrying out the
individual types of motions. The mass fractions fulfil the condition wy +wm +w, =
1. z = B — B, is a deflection of the applied magnetic field induction B from
the resonance value B,. Bn, is the amplitude of the modulation magnetic field.
The parameters of the elementary spectra w;, B; (i = b,m,n) and s, reflecting
the structure and chains mobility, were estimated by the least square method. In
the computing of these parameters the influence of the modulation field on all
elementary spectra was considered.

The molecular motion can be studied also by means of the temperature depen-
dence of the second moment My. The motion of the chains excited within certain
temperature range often results only in the partial averaging of the dipole inter-
actions. It causes the second moment to decrease from the value My to Mas;
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corresponding to the value of the second moment at lower and higher tempera-
tures, respectively, than the temperature range of the second moment decrease,

In this case the dependence of the second moment on molecular motion can be
written by the relation [15]

My = Mape + (2/7) (Mo — Map) arctg (YM2/v.) (2)

where v, is the correlation frequency characterizing molecular motion and v the
gyromagnetic ratio for resonating nuclei. Using the Arrhenius equation

v, = v,exp(—~Eq/RT) 3)

the dependence of the second moment vs. temperature can be expressed. Then the
activation energy E, and the preexponential factor v, in eq. (3) may be evaluated.

ITII. EXPERIMENTAL PART

The broad-line NMR spectra were measured on the samples prepared in the
Research Institute of Man-Made Fibres in Svit. The sample of the unmodified
partially crystalline granulated PP denoted MOSTEN D3 was used as a refer-
ence sample. The modified samples were in fibre form and have been prepared
by melting PP with 8 wt% of the high-molecular additive, which is the copolymer
of ethylene and alkylaminoacrylate with a predominantly amorphous character
[16]. The spinning was realized at the temperature of 270°C and a spinning speed
of 400 mmin~!. The undirectional deformation was made at 130°C at various
stretching ratios A. In accordance with the quantity of modifier (8 wt%), the spin-
ning speed v and the stretching ratio A, the samples will be denoted PP8/v/X.
The crystalline X, established by the infraréd absorption spectroscopy and the
values of optical birefringence An of the samples are introduced in Tab. 1. During
the NMR measurements the fibres were densely wound on a thin teflon rod and
inserted into the glass tube of a 10 mm diameter. The measurements were made by
the Soviet spectrometer RYa-2301 in the temperature range from 190K to 390K
at the resonant frequency f, = 14.1 MHz. To obtain the optimal spectra the op-
erating parameters of the spectrometer were as follows: the sweep of the external
magnetic field AB/At = 54T /s or 104T/s, the time constant of the phase detector
7 =15 or 5 s, the frequency of the modulating field f = 35 Hz and the amplitude
of this field Byn either 0.75 x 10~% or 1.20 x 10~* T. From the spectra of the
differential form, alternatively at the increasing and decreasing of the magnetic
field, were recorded at every temperature.

IV. RESULTS AND DISCUSSION

As mentioned above, the investigated fibres were modified by addition of a
polymer additive and by stretching. These modifications will be evaluated on the
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basis of the results obtained by Bergmann’s decomposition of NMR mv,moﬁm .m:a
by the analysis of the temperature dependences of the M. Our noww_amwwso:m
are based on ideas of the three phase model of the partially crystalline polymer
the chains of which are contained in the crystalline, intermediate and amorphous
regions. In the case of PP the model was confirmed w._mo by Bmwm_:wamim of the
spin-spin relaxation times T» 3,8, 9] and the spin-lattice relaxation times Ty, [16].
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Fig. 1. Temperature dependences of relative mas fraction w; (i = b,m,n) for
" unmodified PP and modified PP8/400/1 samples.

Figs. 1, 2 show the temperature dependences of nrm.mm«wﬁ,\w mass ?wnaosm w;.
We can see that the shapes of these dependences are similar in the basic features
for all samples. At low temperatures the spectra mocm.wmﬁ only of a broad component
(wp = 1). It means that the macromolecular chains n the émo_m UOGB@M are Eo.
fionless from the point of view of the broad-line NMR .mxwadaas.ﬁ. By increasing
temperature the chain motion in the noncrystalline regions 1s wos,\mnmmu It results
in the rise of the narrow and middle components of the m@on_,.g.. Hg. middle com-
ponent and the narrow one are related tothe intermediate regions, i.e. to nm.%osm
with limited mobility and to chains motion in the w:‘_oﬂurocm. regions, 8%022&«.
The value of wy decreases with increasing temperature until a oOJmaw:p value 1s
achieved, which is denoted w, (Tab. 1). The nw:mw O»H the curve wp 1n arm. temper-
ature range where the wy values do not change E%nw&% that the motion of all
chains in the noncrystalline regions of the polymer is woﬁ<wnmm.. ‘Hr.cm the <w_:m we
corresponding to the relative mass fraction of motionless chains, in the discused
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Fig. 2. Temperature dependences of relative mass fraction w; (¢ = b,m,n) for
unstretching PP8/400/1 and stretching PP8/400/5 samples.

temperature range, is considered to be the crystallinity of the sample. Indeed, the
values of crystallinity X. and w, determined by infrared absorption spectroscopy
and Wammn:wuu,m analysis of the measured spectra, respectively, are in a very good
agreement (Tab. 1). At temperatures of about 330 K the temperature dependences
wm have achieved their maximum values. This may be explained by the activation
of the motion of all chains in the intermediate regions of the polymer. Above this
temperature wy, starts to decrease, because the motion in the intermediate regions
begins to have the character of the motion in the amorphous regions. It results in
an increase of the narrow component values w,. The comparison of experimental
results for modified and unmodified PP samples enables to judge the influence
of the polymer modifier on molecular motion and PP supermolecular structure.
The temperature dependences of relative mass fractions w; in Fig. 1 indicate that
the mixture of PP and polymer modifier produces a polymer with different frac-
tions of mainly crystalline and intermediate regions. Although it is expected that
this modification causes the decrease of crystallinity, the observed changes can be
dependent on the preparation of sample, thus we cannot unambiguously ascribe
them to the influence of the polymer modifier. However, the values of parameter
By are connected with the width of the narrow component of the spectrum {17},
s0 we can judge the mobility in amorphous regions of both samples (Tab. 1). The
values of this parameter in modified PP are lower than in the unmodified one.
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Thus the influence of the polymer modifier results in an increased mobility of
chains in amorphous regions of the modified PP. The increase of mobility can be
explained by interactions between the more flexible macromolecules of the modi-
fier and the PP chains, as well as by the increase of the free volume, i.egenerating
better conditions for the conformation changes [6].

By comparing the temperature dependences of relative mass fractions w; for
stretching and unstretching fibres (Fig. 2) we can characterize the changes caused
by stretching. In the temperature range where we observe the narrow y, and
the middle yn,, components of spectra (temperature higher than = 250 K) at the
stretching fibres the relative mass fractions wp are higher and the relative mass
fractions wm, wn are Jower when compared to the unstretching fibres. This 1ndi-
cates a greater representation of motionless chains in the streatching fibres at each
temperature of the discussed temperature range. The w, values in Tab. 1 show
that the motion restriction of the part of chains is caused by their arranging into
crystalline domains. The ws, wm and w, temperature dependences in the tem-
perature range where the values of w; are due to the crystallinity of the sample
(T 2 300K) indicate that the increase of crystallinity caused by stretching is re-
lated to the decrease of the amorphous fraction of the sample. This final state
probably rises by the decreasing chains mobility in amorphous regions until it is
equal to the chains mobility in intermediate regions and new crystalline regions
arise by a total dissappearing of chain mobility in the intermediate regions.

It is known that streatching at the streatching ratio A = 2.5 already causes
the transformation of the supermolecular structure from spherulitic to a fibrilar
one [23, 24]. The fibrilar structure is characterized by a relatively high degree of
the ordering of macromolecular chains in noncrystalline regions of the polymer,
which can be observed as increasing optical birefringence values An (Tab. 1),
[19]. Consequently, owing to the formed more ordered supermolecular structure
the retardation effect of stretching would be expected also on the macromolecular
chains mobility, which was observed in the case of other polymers [20, 21]. But
the temperature dependences of the second moment M, (Fig. 3) as well as the
values of activation energy E, (Tab. 1) point to contrary effect of stretching. The
M, decreasing is related to the glass transition of the investigated polymers, i.e. to
motions in noncrystalline regions of these samples. We can see that at temperatures
of up to 280K the values of M of the stretching fibres are lower and the decrease
of M, starts at lower temperatures when compared with the unstretching ones.
Besides we observe the lower values of activation energy E, at the stretching
fibres than at the nonstretching ones. Thus the stretching causes the increase of
chain mobility in the noncrystalline PP regions. The atypical behaviour of the
polymer, mentioned above, is connected with the helical structure of PP chains
and with the presence of CHj side-groups. The helical structure of unstretching
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Fig. 3. The second moment M, temperature dependences of modified PP fibres:
PP8/400/1, PP8/400/3.5, PP8/400/5.

fibres is resistant to the thermal motion due to the considerable overlapping of
Van der Waals radii of CHsz groups [20, 22). During the streatching owing to the
deformation of PP chains a mutual delaying of CH3 groups arises, which causes
the decrease of potential barriers and in this way the increasing of chains mobility.
The question is whether the loss of motions connected with decreasing activation
energy E, and the discussed decreasing of the second moment M3 occur in the
whole noncrystalline regions of PP or only in some of their phases. The decrease
of the second moment can be caused by molecular motion in amorphous regions as
well as in intermediate ones. Thus neither by means of temperature dependences of
the second moment nor by activation energy calculated from these dependences is
1t possible to solve the problem. The mobility of chains in the noncrystalline regions
is characterized by a parameter of a narrow component f7 and by two parameters
of a middle component B, BT . An unambiguous connection is only between the
width of the spectra and the parameter Bt . Since the values of this parameter are
the same and independent of the stretching ratio and the temperature (Tab. 1),
we arrive at’ a conclusion that the chain mobility in amorphous regions is not
influenced. Hence it is possible to claim that the chains in intermediate regions of
PP are responsible for the decrease of activation energy.
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Table 1.
Xe We  Wm omax B x 104 Eq
POLYMER (%] (%] (%] (1] An x 103 (k3 /mol]
PP 55.9  56.0 28.0 0.50-0.70 — 34.0
PP8/400/1 489 49.0 33.0 0.25-0.35 2.3 324
PP8/400/3.5 59.0 59.0 34.0 0.25-0.35 25.8 21.1
PP8/400/5 62.0 61.0 30.0 0.25-0.35 29.5 16.3

The authors would like to express their thanks to Dipl. Ing. O. Duréova, Om.nA
from the Research Institute of Man-Made Fibres in Svit for gm samples and their
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MCCJHEIJOBAHMVE MO UIIMPOBAHHBIX BOJIOKOH
HNOJIMIIPONINJIEHA I IPUMEHEHUEM
AMP HA HIVPOKOf JIUHUM 'H

C npumenenmem snexrpockonun AMP Ha mmpoxo#t aunvu *H H3Y4YaIOTCH
HM3MEeHeHUSA CYIIePMOJIEKY TAPHOM CTPYKTY PhI BOJIOKOH IIOJIMIIpONMIIEHE U M3Me-
HeHUH MOABWKHOCTY MaKPOMOMEKYIAPHLIX NENo4eK COOTBEUTBEHHO. Pa3nuyu-
Hble MOIU(UKALMY MOJIMIPOIMAEHA BLLIM BLI3BAHEI BBICOKOMOJIEKYIIAPHBIMU
ZNoGaBKaMM U NIPM M3COTOBJIEHNM BOJIOKOH. Bausaunye Mo muduxamit onpenens-
noce Beprmanosckolf packianxoi CIeKTPOB Ha TPY KOMIOOHEHTH, KPUCTAJINY-
€CKYyIO, NPOMEXYTOUHYIO M aMopdHYI0 cooTBenTBeHHo. TemnepaTeipHad 3aB-
UCMMOCTPE aHaJN3MPOBAJACh C MPUMEHEHHEM BTOPOro MmoMenTa M?2. CrekTph
AMP 6rinu usMepeHsl B TeMnepaThipHOM auanasone oT 190 K no 390 K. U3
aHAJIM33 BKCIEPUMEHTAJBHBIX N06aBOK YBEIHUMBAET II0ABMKHOCTD LENOYEK
B amopdHo#t o6nacTn. IIpn BHITSKKE BONOKOH RIGENMYMBACIA UECTh OTHOCH-
TeJabHOM Maccel, yTo ¢ Touku 3perus AMP onpelender HenoBWKHOCTD Lie-
movek. Takue UENOYKM OTHOCATCA K KPUCTAJUTHIECKoR YecTH moamMepa.
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