acta phys. slov. 37 (1987), No. 3

NMR STUDIES OF STRUCTURE AND MOLECULAR
MOTION IN POLYPROPYLENE

OLCAK, D.."” Kosice
SCHENK, W.,”» Merseburg

Using spin-lattice relaxation times in laboratory (1)) and rotating (7;,) frames the
molecular motion and the structure of the partially crystalline polypropylene have
been investigated. Measurements of both spin-lattice relaxation times have been
performed on the granulated sample in the 140—430K temperature range. The
temperature dependence of the 7; has two minima corresponding to the glass tran-
sition of the polymer and to the rotation of the CH; groups, respectively. In the
rotating frame spin-lattice relaxation time experiments in the temperature range above
250 K three relaxation times T;, have been observed. The individual relaxation times
are connected with crystalline, intermediate and amorphous phases of the polymer.
The minima of the temperature dependences of the considered relaxation times reflect
the a-relaxation process in crystalline regions and the double glass transition in
noncrystalline regions of the studied material. The f-relaxation process connected
with the glass transition in intermediate regions is shifted about 10K toward higher
temperatures as compared with the f-process in amorphous regions.

I. INTRODUCTION

In solids the spin-lattice relaxation in the rotating frame is substantially faster
than that in the laboratory frame. Consequently, the spin-diffusion processes do
not effect the rotating frame spin-lattice relaxation times Tj, to such an extent
as the laboratory frame relaxation times 7;. In heterogeneous systems as, €.g.,
partially crystalline polymers in many cases especially at higher temperatures
during T;, measurements there has not been observed any formation of the spin
temperature equilibrium between phases of a heterogeneous system. In such
experiments it is possible to detect the flow of the energy from individual spin
systems corresponding to the given phases to the lattice. Therefore the experi-
mental data 7;, in comparison with the data T; reflect better the heterogeneity
of the investigated partially crystalline polymer.

w“ Unﬁm.::zn:» of Physics, Technical University, 04120 KOSICE, Czechoslovakia
Sektion Physik, Technische Hochschule Leuna-Merseburg, 4200-M ERSEBURG, DDR

183




In the present work in measurements of the 7; on polypropylene at e
temperature one relaxation time was observed [1, 2]. At the T, anmcnmaéé
mﬁ.ﬁﬂsvnnﬁ:am lower than 200 K only one relaxation time was %cmo:\na >M=$
this 8:.62&:8 two relaxation times T;, were detected. They were mmomvoaosw
crystalline and amorphous phases of the polymer, respectively [2, 3] Cs_._nno
Ewwa works we have obtained three spin-lattice relaxation times uu, . a.<o r_ ‘
briefly mentioned the temperature dependences of these relaxation %58 in m\o
Now we shall try to interprete these temperature dependences on the basis _w
established concepts of the structure and the molecular motion. °

I1. THEORETICAL PART

,._.o interprete the spin-lattice relaxation times 7; the theory of nuclear mag-
noﬁ_o an._mxm:os was developed [5]. This theory is frequently applied also to
estimating experimental data obtained on polymers. A relatively simple relation
caz,.am: the spin-lattice relaxation time 7; and the correlation time of molecular
motion 7, was derived. This dependence can be expressed in the form

_N ﬂn Aqn
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where M, is the second moment for the rigid lattice and @, is the circular
resonant frequency.

_ww extending this theory to the rotating frame spin-lattice relaxation time the
relation
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was wgazma [6]. The effective circular frequency @, is determined by the
amplitude of the r.f. field B, and by the local dipol magnetic field B, and it is
expressed according to the relation

w, = y(B} + BD' 3

ira.no yis the gyromagnetic ratio of the resonant nuclei. In the case of polymers
at ?.mrﬁ temperatures there can be B, < B, and then we can substitute for @,
AEm circular frequency @, = ¥B,. Since in the experiments the condition @, > @
is always fulfilled the expressions with @, in eq. (2) can be omitted and the T,
can be written as

LI P S )
T, 1 +4ai7

184

The spin-lattice relaxation times 7; and T;, have the minimum when

oyl = 0.62 (1) i)y T = 0.5 (Tig min) (52, b)

and
NJ_;‘:.: = SO\ENQ Nj_n.::.x = Ave_\bAm. A@W“ _UV

From the eq. (5a, b) it results that the relaxation processes are most effective
when the correlation frequencies of the molecular motion f, (f. = 1/2x7,) are
close to the laboratory frame resonant frequency f, = /27, respectively to the
rotating frame resonant frequency fi = oy/2m

Generally in the case of polymers the assumptions (one correlation time 7,
intermolecular dipol-dipol interactions between two identical spins, an isotropic
stochastic motion) for the derivation of egs. (1—6) are not fulfilled. In some
cases it is possible to consider the distribution of the correlation times {1, 4, 7]
and the influence of the intermolecular interactions [8], however, for some
considerations [9, 10] the above mentioned simplified approach is sufficient.

I11. EXPERIMENTAL PART

The investigated polypropylene denoted as TATREN 430 is the product of
Slovnaft Bratislava (Czechoslovakia). It is the isotactic partially crystalline
polymer with a density of 888.5kgm>. According to {11} a crystallinity corres-
ponding to this value of density is 0.43. The melting 7, and the glass transition
T, temperatures are 436K and 268 K, respectively.

The NMR measurements have been performed at the Institute of Physics of
the Technical University in Merseburg (GDR) on the SXP 4—100 pulse spec-
trometer (Bruker Physik AG). The spin-lattice relaxation time 7, has been
measured using the pulse sequence 7 — 7— n/2 at the resonant frequency
f, = 88 MHz. The spin-lattice relaxation times T;, have been determined by
means of the spin-locking experiment. In these measurements the amplitude of
the radiofrequency magnetic field B, = 1 mT. Both spin-lattice relaxation times
were measured within a temperature region from 140K up to the melting point
of the sample.

IV. RESULTS AND DISCUSSION

In the temperature dependence of the spin-lattice relaxation time 7; we
observe two, for polypropylene characteristic minima (Fig. 1). The high tem-
perature minimum is reached at the temperature of 380 K (10%/T =2.63K™")
and the value of 7, ., is 0.635s. The low temperature minimum is at the
temperature of 179 K (10%/T = 5.59 K~') and the value of the spin-lattice relaxa-
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tion time at this temperature is 7, ,;,, = 0.12s. The course of this temperature
dependence is essentially consistent with the dependences in contemporary
works {1, 2]. In accordance with the quoted papers the high and the low
temperature minima are associated with the f—relaxation and the rotation of
the CH; groups, respectively.

In measurements of the T, in the temperature range from the lowest operat-
ing temperature of the spectrometer (130K) up to 225K we have been also
measured only one relaxation time. However, at temperatures higher than 260 K
three relaxation times have been determined. We have denoted them by T, T,
and Tj, their temperature dependences are depicted in Fig.2. Since the spin-
lattice relaxation time T7, is connected with the short component of the FID, we
have ascribed it to the crystalline phase of the polymer. In agreement with [2,
3] we ascribe the Iy, minimum reached at temperature of 375K (10%
T =2.67K™") to the motion of the main chains in the crystalline regions of
polypropylene (a-relaxation). It is obvious that the temperature dependences N_ﬂ
and T;, are connected with the noncrystalline phase of the polymer. The non-
crystalline phase of the partially crystalline polymers is divided by crystallites
into a lot of regions differing in local volumes and physical restrictions. For this
reason the noncrystalline phase can exhibit several of the glass transitions. In
many partially crystalline polymers two glass transitions were observed for
which Boyer introduced the term “‘apparent double glass transition™ (in the
following ““double glass transition” only). It assumes the existence of upper and
lower glass transitions at temperatures T,(U) and T,(L), respectively [12]. The
upper glass transition is caused by noncrystalline material in which the motion
is restricted by crystallites and the lower arises from noncrystalline regions not
influenced by the crystalline part of the polymer.

The temperature dependences Ty, and Ty, corresponding to motions in non-
crystalline regions of polypropylene can be explained in terms of Boyer’s model
of glass transition. The minima of these temperature dependences are shifted by
about 10K from each other. We suppose that by means of the temperature
dependence 77, with the minimum at the higher temperature of 325K (10%
T = 3.075K"") and by the temperature dependence T, with the minimum at the
temperature of 315K (10%/T =3.175K~') we have detected the relaxation
processes connected with the upper and lower glass transitions, respectively. The
corresponding relaxation processes have been denoted as (U) and B(L) (Fig. 2)-
This intepretation is in agreement with the three-phase model of partially
crystalline polymers [13—15]. According to this model the noncrystalline part
consists of the amorphous and the intermediate phases. In the amorphous phase
there appears in the temperature range of the glass transition a free microbrow-
nian motion of chains; however, a motion in the intermediate phase is consider-
ably restricted owing to its linkage with the crystalline regions. For this reason
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the minimum of the temperature dependence Ty, in comparison E:r Hrw.ﬁw
minimum is shifted toward higher temperatures. ,;mqnmo.ﬁ the _.n_.mxm:on times
we have measured correspond to the crystalline (T7,), intermediate (T7,) and
amorphous (T;,) phases of the polymer.
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Fig. 1. Temperature aovnsaanow of the spin-lattice relaxation time 7, measured on the polypropylene
sample.

We have measured the spin-lattice relaxation time 77, also at some tem-
peratures above the range of 350—430K [4]. The intensities of these relaxation
times acquire very small values which are in the o.oc|.c._m range. We suppose
that the dependence T, near the minimum occurring in this temperature range
corresponds to the high-temperature a-process in the intermediate regions of
polypropylene similarly as in the case of polyethylene [3]. From the above values
it follows that this process is effective in a very small part of ?.o sample.

Fig. 3 represents the temperature dependences of the intensities p,, p, m.:a P
corresponding to the spin-lattice relaxation times 75, Ty, and Tj,, respectively.
We have observed that in the range above 300K the intensity p. decreases and
at temperatures higher than 350 K for the above reasons it can be regarded as
zero. Therefore, above the latter temperature practically we observe only two
relaxation times 77, and 17, From the increase of the :.:osmma\ p, and the
constant values of the p, within the interval of 300—380 K it results that above
380K the p, represents both the amorphous and the intermediate phases of the
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studied polymer. Consequently, at temperatures higher than 380K the same
values of the relaxation times T}, and T;, correspond to the both phases. From
this conclusion and from the assumption of validity of eq. (4) it results that
above the temperature 380 K the chains of both discussed phases perform the
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Fig. 2. Temperature dependence of the rotating frame spin-lattice relaxation times 7,, measured on
the polypropylene sample.

motions with the same correlation times, respectively with the same correlation
frequencies. Hence, for the excitation of the motion with the correlation fre-
quency of 85kHz (resulting from eq. (5b)) in the intermediate phase a tem-
perature about 10 K higher is desirable than that in the amorphous phase. At
temperatures over 380 K motions with the same correlation frequencies are
excited at the same temperatures. This statement is based on the connexion with
the motion in the crystalline phase of the polymer. In Figs..2 and 3 we can see
that in the temperature range in which the intensity p, increases the a-relaxation
process is activated. The temperature range with the constant p, (p, = 0.62) and
with one relaxation time for amorphous and intermediate phases is above the
temperature of 375 K at which 77, has the minimum. From this we conclude that
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the loosening of the chain motion in the intermediate phase is due to the
activation of the motion in the crystalline phase. In consequence of the con-
sidered loosening the motion in the intermediate phase acquires the character of
the motion in the amorphous phase.
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Fig. 3. Temperature dependence of the intensities p,. p, and p, corresponding to the spin-lattice
relaxation times Tj,, T7, and Tj,, respectively. X, is the crystallinity calculated from the density
according to [11].

In the above interpretation of molecular motion it is assumed that in the
discussed temperature range the values of the individual spin-lattice relaxation
times and intensities are not influenced by spin diffusion. It is possible to
estimate its influence by comparison of the experimental values Tj,, ,,;, with those
calculated using eq. (6b). Because the second moment M, in this equation
represents the part of dipol interactions averaged owing to motion [10], we can
estimate by means of the temperature decrease of the second moment the
competent value of T, ., From the temperature dependence of the second
moment of the broad-line NMR spectra it results that the mentioned decrease
corresponding to the B-process is 0.06 mT? [16]. The spin-lattice relaxation time
T, . min(B) corresponding to this value is ~0.25ms. In regard of the polymer
structure the most favourable conditions to fulfil the assumptions of derivation
of eq. (4), respectively (6b), are in its amorphous regions. Despite of this the
calculated value T,,,,,(B) is lower than the experimental value 77, (0.5ms)
corresponding to the amorphous regions of polypropylene. The higher experi-
mental value T5, ., can be explained in terms of the correlation time distribution
[17] which it is reasonable to suppose in such complicated systems as polymers.
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Besides we have to consider that at temperatures lower than the temperature of
the glass transition the arrangement of the chains in the amorphous regions is
looser than that in the intermediate regions. Consequently, the amorphous
regions contribute to the decrease of the second moment less than 0.06 mT2.
Therefore, the theoretical value corresponding to the amorphous regions is a
little higher than the calculated value 0.25ms.

Temperature dependences of the intensities also do not testify to spin-
diffusion processes in the discussed temperature range (over 300 K). The in-
crease of the intensity p, to the detriment of p, with increasing temperature
cannot be explained in terms of the spin diffusion. We would expect such a
“merging” of phases in consequence of spin diffusion with decreasing tem-
perature in the same way as it results from the course of intensities at tem-
perature in the same way as it results from the course of intensities at tem-
peratures lower than 300 K.

The authors are grateful to Prof. Dipl. Ing. M. Rako3, DrSc. and to
Doc. RNDr. J. Murin, CSc. for reading the manuscript and for valuable
discussions.
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MCCIEAOBAHUE CTPYKTYPbl i MOJIEKYJAPHOI'O ABVXKEHMS
B IOJIMITPONUWJIEHE METOAOM sAMP

B pa6oTe HcCIen0BaHO MOEKYIAPHOE NBMKERHE B M30TAKTHHECKOM (YaCTHYHO KPHCTANLTHYEC
KOM) TIOJMIPpONKJIEHe, a TAKke CTPYKTYpa NAHHOTO BEILUECTBA NPH MNOMOIUM METoAl nsz.
PELIETO4HLIX BpEMEH pejlakcaluu B 1a6opaTOpHOR CHCTeMe KOOPIMHAT i M BO BpallaloUIEHCs
cucteme xoopausat 7, M3mepenus obGOMX CHHMH-DELICTOYHBLIX BPEMCH OCYMICCTBIISIHCH Ha
o6paslie rpaHyIMpoBaHHoil Hpobxu B MHTepBase Temmnepatyp 140—430K. Temnepartypuas 3a-
BHCHMOCTS 7, B HCC/IEyEMOM JMalna3oHe TEMAEPATYP MMeeT IBa MUHUMYMA, KOTOPBIC CBA3AHBE C
TIEPEX0NOM NoJIMMepa B cTek1006pasHoe cocTosHue u ¢ spaiennem CH;-rpynn. [1pu usmepenusx
CMHH-PEIICTOYHOTO BPEMEHH PEJIakCalMH BO Bpalasiledcs CUCTEME KOODAMHAT NpH TEM-
neparypax cebiie 250 K obHapyxeHbl TPH PENaxCauMOHHBIX BPEMCHH Tj, KOTOpBIE COOTBET-
CTBYIOT KPHCTAJUIHUECKOil, NepexoaHoit 1 amopdHoi dazam nomumMepa. DTH MAHUMYMBI mngnm
penakcanuy 0GyCIOBNEHb! @-IPOLECCOM B KPHCTATUIMYECKMX COCTOSHHUAX OJMMEDA M NBOMHBIM
TIEPEXOIOM B CTEKNOO6PA3HOE COCTOSIHUE B HEKPHCTAILTHYECKHX (Pa3zax nanHoro matepuana. Ilpu
3TOM f-IIPOLIECC PENAKCAIIMHE, COOTBETCTBYIOLIMIA CTEKI006Pa30BAHHUIO B NEPEXOMHBIX 06racTax,
NPOMCXOAUT NpH TemnepaTypax Ha 10K Beille, 4eM TeMNepaTyphbi, TPH KOTOPBIX NPOUCXOXAT
B-npouecc B aMOpGHBIX (pasax MOJHIPONHICHA.
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