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ABSTRACT: Proton solid-state NMR, relaxation analysis is used to study model oil-extended ethylene
propylene-diene rubber (EPDM) and thermoplastic vulcanizates (TPV) composed of polypropylene (PP), EPDM
and oil. It is shown that the method allows selective characterization of crystalline and amorphous phases of PP,
cross-linked EPDM, and oil in TPVs. The network density in the rubbery (EPDM) phase is determined in a wide
range of the TPV compositions, as well as in the oil-extended EPDM vulcanizates containing different amount
of oil. The entanglement density decreases with increasing oil content in oil-extended EPDM. This decrease can
be described using a scaling approach. Molecular mobility of oil molecules decreases with increasing EPDM
network density and is significantly lower than that of pure oil due to physical interactions with the host matrix.

It is shown that the network density in the rubbery phase of TPV is composed of chemical cross-links, physical
junctions at the EPDM/PP interface, and temporary and trapped chain entanglements. The density of chemical
cross-links increases with the amount of cross-linker per weight unit of EPDM. The density of the physical
junctions increases with increasing PP content. Crystallinity of PP in TPV is hardly affected by the TPV
composition. A small fraction of oil molecules plasticizes the amorphous phase of PP and the plasticization
effect is proportional to an oil:PP mass ratio in the TPV composition. Two NMR methods for improving the
selectivity of theT, relaxation analysis to different phases of TPV are evaluated. The methods are based on the
inversion-recovery experiment and double-quantum (DQ) filtering of the decay of the transverse magnetization
relaxation. The DQ filtered, relaxation experiment improves the selectivity of the method and could open new
possibilities for characterization of the network heterogeneity in rubbery materials. Some relationships between
the TPV composition, network density, and mechanical properties are shortly discussed.

1. Introduction the entanglement density in the rubbery phé&sBifferent
methods have been used for determining the partitioning of oil
molecules between the EPDM and PP phases in TPVs: the
depression offy measured by dynamic mechanical thermal

Thermoplastic elastomers (TPE) are rubbery materials that
are processable as thermoplastics but exhibit properties similar

toh thosel of vulcfelnizgd rubbers at usage temperaﬂ:]i*‘es.  analysis (DMTA)L° differential scanning calorimetry (DS&)
Thermoplastic vulcanizates (TPV) are an important class of o4 gielectric spectroscopy (DIE)The oil distribution in

TPES. that are produceql by dynamic vulcanization Of, blends 1py/s has also been studied by the integration of the surface
containing a thermoplastic and an elastomer. Commercial TPVS ;.04 of TEM image® and byC solid-state NMR spectros-
are often made from isotactic polypropylene (PP), ethylene oo 16 However, all these methods suffer from a lack of
propylene-diene rubber (EPDM) and extender ofl. The accuracy.

addition of oil in combination with cross-linking of the EPDM Another important molecular characteristic of TPVs is the

allows one to produce soft compositions with good process- henyork density in the rubbery phase. Despite several methods
ability and elastic recovery. During dynamic vulcanization, the hot have been evaluated for determining the network density
rubber is vulcanized in the presence of the molten thermoplastic;, he rubbery phase of TPVs, none of these methods has
under shear forces. Since cross-linked rubber is unable toprovided accurate quantitative information on the network

coalgsce, rubbe.r particles are disSpersed_ in the thermoplasticgtrcture. The following methods have been proposed for
matrix even at high rubber contefit° The size of the rubbery  qetermining the relative differences in the network density in a

particles is affected by the composition of TPVs and processing series of TPVs samples: equilibrium swelliighe elastic
conditions and is in the range of one to few micrometér. 51406 modulud, force modulated atomic force microscopy
The dispersed EPDM phase may contain occluded PP particles. (AFM),12 determining molecular mobility of dissolved in the
TPVs show fairly good elastic behavior because both the r“bberrubbery phase probe molecules using electron spin resonance
particles and the thin PP layers surrounding the particles bEhaquSR),lB the analysis of unreacted phenolic groups of cross-
elastically upon deformatioh? linker (phenolic resin) and unreacted diene of EPDM using high-
Knowledge of the physical state of oil in TPVs is of large resolution proton solid-state NMR spectroscdpyetermining
importance for understanding the elastic properties of thesethe line broadening in the proton NMR spectfaand the
materials. It has been shown that oil is mixed on a molecular analysis of IH—13C polarization transfer dynamics i#C
scale with PP and EPDM in their binary blends, as well as in CPMAS solid-state NMR experimefit.
EPDM/PP TPVS. The oil resides both in the thermoplastic In this work, low-field proton NMRT> relaxation experiments
continuous phase and in the EPDM phase because of a smalill be used for studying (1) the network density in the rubbery
difference in the polarity of the olefinic oil, PP and EPDM. Oil phase of EPDM/PP TPVs, (2) the phase composition of TPVSs,
molecules plasticize the amorphous phase of®PP and reduce (3) molecular mobility of oil molecules, and (4) the effect of
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Table 1. Composition of Oil-Extended EPDM Sulfur Vulcanizates in Weight Parts per 100 Weight Parts of EPDM (phr)

EPDM/0 EPDM/4 EPDM/8 EPDM/12 EPDM/30 EPDM/50 EPDM/100
EPDM 100 100 100 100 100 100 100
Sunpar 2280 0 4 8 12 30 50 100
ZnO 5 5 5 5 5 5 5
stearic acid 1 1 1 1 1 1 1
MBT-80 0.63 0.63 0.63 0.63 0.63 0.63 0.63
TMTD-80 1.25 1.25 1.25 1.25 1.25 1.25 1.25
sulfur S-80 1.88 1.88 1.88 1.88 1.88 1.88 1.88

aThe samples are identified by a code such as EPDM/4 that indicates the amount of oil. MBT and TMDT stand for mercaptobenzothiazole and
tetramethylthiuram disulfide.

oil on the molecular mobility in the EPDM and PP phases. It Table 2. Composition of Model TPVs (in wt %)

was shown previously that the method provides quantitative data TPV 1 2 3 4 5 6 7 8
on the phase composition of random polypropylene copoly- pp 20.6 202 193 120 30.0 449 201 29.1
mers2° the density of chemical cross-links, and chain entangle- EPDM 556 556 556 468 571 503 76.7 681
ments in EPDM rubbetd?1.22and offers high selectivity for ~ Sunpar2280  21.9 219 21.9 39.3 105 264

titative analysis of the network density in rubber-toughened 04t 088 175 074 090 079 121 1.07
quant analysis o _ : g TC 044 044 044 037 045 040 060 0.53
thermoplasticg® A series of model TPVs with a wide range of  zno 053 053 053 044 054 048 072 0.64

the composition was prepared for this study. Some mechanical Irganox 1076 0.46 0.46 0.46 0.39 048 042 0.66 0.57
properties of the TPVs will be discussed in relation to the EERD/,&/PP%M ;3 %%8 319-5 %59-8 112-8 11'\;’7 312-28 212-47
molecular characteristics that are determined for the samples - - - - - : : :

by the NMR method. TPV 9 10 11 12 13 14 15
PP 46.3 80.0 19.3 20.2 120 30.0 44.9
2. Experimental Section EPDM 516 19.2 388 388 43.0 338 265
Sunpar 2280 - - 38.7 38.7 431 338 265
2.1. Samples.Two series of samples were studied: (1) oil- PhR 0.81 030 175 0.88 0.74 090 0.79
extended EPDM, vulcanizates thereof and residual gel after TC 0.41 0.15 044 044 037 045 0.40
extraction of oil from the vulcanizates; (2) thermoplastic EPDM/ ZnO 048 0.18 053 053 044 054 048

PP dynamic vulcanizates. Irganox 1076 0.44 0.16 0.48 0.46 0.39 048 0.42
Oil-extended EPDM samples were prepared by mixing with a EERD/G;TD%M 15111 3522 3501 529; é75§ ielg 3952
kneader EPDM rubber with different amounts of paraffinic oil
Sunpar 2280. Sunpar oil is a complex mixture of hydrocarbons with
a relatively broad molar mass distribution. The EPDM rubber was
composed of 44.6 wt % ethylene, 45.4 wt % propylene, and 10 wt
% 5-ethylidene-2-norbornene (ENB). Molecular weight character- . o .
istics of the EPDM were the followingM, = 44 g/mol, M,, = tion. The temperature gradient within sample volume and stability
172 g/mol, andV,, = 484 g/mol. Sunpar 2280 was composed of had an accuracy better tharf@. )
67 Wt % paraffinic, 29 wt % naphthenics, and 4 wt % aromatic 2.2.2. NMR Relaxation Experiments.Three different pulse
fractions. Sulfur vulcanization of the oil-extended EPDM was Se€duences were used to record the decay of the transverse
performed in 2 mm press plates at 5 The sample compositions magnetization relaxatiorT§ decay) from rigid (crystalline), rubbery,
and the vulcanization recipe are given in Table 1. The vulcanizates @d 0il fractions of the TPVs. Accurate measurementTof

were studied as a whole and as residual gel. Oil in the vulcanizates'®/@xation time and the amount of a rigid phase in the presence of
was extracted in boiling pentanon-3. After the extraction, the rubber & SOft phase/component requires the following experimrt{1)

gel was dried in an oven at 7€ in a vacuum of 170 mmHg under & S0lid cho pulse sequen(@EPS) and (2) the free induction decay
a flow of nitrogen, until the sample weight remained constant in (FID) after asingle pulse (usually 99 pulse excitatioSPE). Both

time. Hardly any unvulcanized EPDM could be detected in the sol Methods could cause systematic errors in the analysis of the phase
fraction with IR spectroscopy. composition in heterogeneous materials. Because of the dead time

. .__ of the receiver, the initial part of the FID is not detected after the

. TPVs were prepared on a Iabora.tory scgle by dynamic vulcaniza- 90° pulse excitation: [90—the dead timeacquisition of the

t'OP oga m|_>|<tgre of EZPZDS'\S r_llfﬁber’ |tsot_a(|:t|c PP hom?pﬁlydme_r '?nd amplitude of the transverse magnetizatiom)&§ a function of time

ex ent (lerhm lurflpar i h. d € materia \ll‘_’aés ﬁross-tlnd esg’”‘im% t after 90 pulse]. Therefore, the knowledge of the FID shape for
|sotpc %’% benot)— orma ﬁl y_de resg (.reso)'aﬂghenEe’(D:SMy bb ) the rigid fraction is required for accurate deconvolution of the FID
activated by stannous ¢ 02' € and zinc ox € N rubber into components corresponding to rigid and soft fractions. The shape
was compos«gd of 64.6 wt % eth;glen_e units, 28.2 Wt % propylene ¢ 4o 'rip for the rigid phase can be determined by the SEPS:
units, 5.0 wt % ENB, and 2.2 wt % dicyclopentadiene. Molecular [90°,—tse—90°,—te—acquisition of the amplitude of the transverse

aPhR and TC stand for phenolic resin Schenectedy SP1045, and TC for
tin chloride, respectively. PhR/EPDM is the weight ratio phenolic resin:
EPDM, multiplied by 1000. EPDM/PP is the weight ratio EPDM: PP.

weight characteristics of the EPDM were the followingl, = 50 ma e : S
"€ = gnetizatiorA(t)], with tse of 10 us. The point in time from the

g/mol, sz = 160 g/_mol, _an_chél—ZSOO g/mol. The TPV sample beginning of the first pulse= (2tse + tgo) was taken as zero, where

compositions are given in table 2. too was the duration of the 9Qulse. SEPS has the advantage of

_Peroxide cured EPDM/PP TPVs were used for NMR experiments ayoiding the dead time of NMR spectrometers. The solid-echo is
with inversion-recovery and DQ filter experiments. Details of  formed with a maximum at approximately= (2tset teg). The SEPS
sample preparation will be provided in an upcoming publicatfon.  allows accurate measurement of the shape of the initial part of the
The sample compositions are given in figure captions. FID for the rigid fraction at shorts. However, the rigid/soft ratio

2.2. Solid-State Proton NMR Measurements and Data Analy- measured with SEPS for semicrystalline polymers abtyean
sis. 2.2.1. Equipment.Proton NMR transverse magnetization be somewhat lower than its true vak¥&Sbecause of the following
relaxation T relaxation) experiments were performed on Bruker reasons: (1) the incomplete refocusing of the dipolar interactions
Minispec NMS-120 and MQ-20 spectrometers. These spectrometersby the solid-echo for a dipolar network (see for instance ref 27),
operate at a proton resonance frequency of 20 MHz. The length of (2) molecular motions, the correlation time of which is comparable
the 90 pulse and the dead time were 2.8 angs? respectively. A to the pulse spacing,and (3) the shift of the echo maximum due
BVT-3000 temperature controller was used for temperature regula-to a nonzero pulse widt#:3° The analysis of the FID, as record(afiDV
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using the SEPS, has shown that the FID shape for the rigid fraction pulse sequence because resonance offsets and differences in the
of TPVs is close to Gaussian, similar to that for a random PP chemical shift for different types of protons are not compensated.
copolymer?0 As far as the soft fraction of TPVs is concerned, the Therefore, this pulse sequence was only used for estimating

shape of the FID from this fraction is affected by heterogeneity of
the permanent magnetic fiel}, within the sample volume due to
heterogeneity 0B, itself and its heterogeneity across the sample

maximum position on DQ buildup curves.
A DQ filtered Hahn-echo experimenvas performed using the
pulse sequence below: [90— 1, /2—180yx — tex/2—90°_]ex

due to magnetic susceptibility differences between the soft and hard-[tpg]gy -[90°% — tex'2— 180 - tey/2 — 90°_yJre — t;-[90°% — the —

phases of TPVs. This does not allow using the SPE for character-

ization of the soft phase of TPVs.

A Hahn echo pulse sequen@idEPS), 90,— the—180°y—the—
[acquisition of the amplitude of an echo maximuxtt)], was used
to record the slow part of thE, relaxation decay for the soft fraction
of the TPVs, wherey, was varied between 3% and 400 ms. At
the = 35 us, the major part of the signal from the rigid fraction

18C°y — twe — [acquisition of the amplitudeA(t) of an echo
maximum)be. The first 90, and 90_ pulses in both pulse
sequences excite DQ coherences that evolve for tiigewhich

was set to fus. The DQ coherences are converted by, 3hd
90°_y pulses to thez-polarization. The 180refocusing pulses in

the middle of the excitation and the reconversion periods eliminate
the effects of resonance offsets and differences in the chemical shift

decays nearly to zero. Therefore, the second pulse in the HEPSfor different types of proton3. After delay timet, of the DQ filter,
reverses nuclear spins of the soft fraction only, and an echo signalthe HEPS was applied. It should be noted that the condition of

is formed with a maximum at time= (2tye + tgo2 + t1g0/7) from

the beginning of the first pulse, whetgy2 is the half time of the
180 pulse. By varying the pulse spacing in the HEPS, the amplitude
of the transverse magnetizati@t) is measured as a function of
timet. The HEPS makes it possible to eliminate the magnetic field

selecting the isotropic powder average diped#gpole interactions

is broken for short DQ times. Simply, segments with (residual)
coupling tensors oriented alorig}, are selected first. Therefore,
sufficiently long delay time; is required for proper redistribution
of the magnetization between chains with different direction of the

and chemical shift inhomogeneities, and to accurately measure theend-to-end vector with respect to tBs. The redistribution of the

T, relaxation time for the soft fractions/phases. It should be
mentioned that th&, relaxation of oil, as determined by the HEPS,
is affected by self-diffusion of oil molecules.

magnetization is effective on distances that are comparable with
the scale of spin diffusion and/or translational chain mobility within
timet,. The timet, was set to 5 ms. The experiment with different

Thus, both the SPE and the HEPS experiments have to be used, time has shown that 5 ms was sufficient for the redistribution of

for determining the absolute value of the amount @pgalues of
the low mobile and mobile fractions in TPVs. THe relaxation
time and the amount of the rigid fraction were determined by

the magnetization over all rubbery chains either due to spin-
diffusion or large spatial scale chain mobil#§Thus, by a proper
choice of the excitation time, the decay of the transverse magnetiza-

analysis of the FID that was recorded after the SPE. The SEPStion of phases with different molecular mobility and, consequently,
experiment has shown that the shape of the decay for the rigid in the strength of the dipotedipole interactions can be select&d®
fraction can be described by the Gaussian function. The HEPS was  2.2.3. Analysis of the Phase Composition by tHE, Relaxation

used for determining th@&; relaxation for the soft fraction. The
HEPS was also used for characterization of oil-extended EPDM,
their vulcanizates and residual gel.

In addition to the HEPS, thd, relaxation decay was also
measured for one of TPV samples usitite Carr—Purcell—
Meiboom-Gill multiple-echo pulse sequenc®0°; — {tcpmc —
180y — tcpmc — [acquisition of the amplitude of an echo maximum
A1} n, wheretcpye Was 4 ms andN = 900. This experiment has

Experiments. Analysis of theT; relaxatiorn—the time dependence

of the M,y component of the macroscopic magnetization veetsr

a valuable tool for the analysis of microphase composition and
molecular motions in complex polymer materigds® 4! The T,
relaxation process is very sensitive to even small changes in
molecular mobility, which can be seen from the rangeTgfor
various materials: from about-80 us for glassy and crystalline
materials, to hundreds of microsecondsfew milliseconds for

shown that the decay rate of oil molecules, which was measuredrubbery materials, tens of milliseconds for highly viscous liquids,

by the HEPS, might be affected by the self-diffusion.

The longitudinal magnetization relaxatiom; (relaxation time)
was measured usirtpe inversion—recovery pulse sequence with
the solid-echo detectioof the signal amplitude: 18Q — ty,, —
90° — tse — 90°y — tse — [acquisition of the amplitude of the echo
maximumA(t) as a function oty ].

To improve the selectivity of th&@; relaxation experiments to
different phases of TPVs, the usefulness of two different filters
was evaluated. One filter was based on a use B8@ inversion
pulse followed by the HERPSL8Cx — tjny — 90° — te — 18C°y —
the — [acquisition of the amplitude of the echo maximut)]. In
this experiment, the longitudinal magnetization changes upon
increasing the inversion timg,, from a negative value through
zero (the zero point) to the equilibrium magnetization. It will be
shown below that the zero point for the rigid and soft fractions of
the TPVs differs due to a low efficiency of the spin-diffusion,
resulting in differentT; relaxation behavior for rigid and soft
fractions. The low efficiency of spin-diffusion is due to the large
size of EPDM domains and the high molecular mobility in the
EPDM/oil phase.

Other experiments explored a double quantum (DQ) dipolar filter.
The proton DQ buildup curve for TPVs was recorded using the
following pulse sequence: [90— tex — 90° ]ex — [tog]ev — [90°%

— tex — 90°_y]re — t, — [90°x — (acquisition of the amplitudé(t)
of the transverse magnetizatiosp] Subscripts EX, EV, RE, and
DE stand for excitation, evolution, reconversion, and detection

and approximately a few seconds for low molar mass, low viscous
liquids. The large difference iif, shows that this experiment is
highly sensitive to a change in the chemical structure, composition,
and morphology of polymer materials as reflected by a change in
molecular motions. Because of the local origin of the NMR
relaxation, the method can be applied to a selective study of different
components/(inter)phases in polymeric materials if molecules/
molecular fragments of those materials reveal a significant differ-
ence in molecular mobility. In this case, tiigrelaxation function

is a weighted sum of, decays from different components/phases.
The relative fraction of these components is proportional to the
content of hydrogen in these (inter)phases/components. This allows
obtaining accurate, quantitative data on the composition as well as
characteristics of molecular motions in heterogeneous polymer
materials?® It should be mentioned that the multicomponent
relaxation does not always indicate microphase separation. For
example, the rotational mobility of small molecules, which are
homogeneously dispersed in a polymer matrix, could significantly
differ from the mobility of polymer chains.

Analysis of the phase composition in complex polymeric
materials usingr, relaxation data is usually complicated due to
several reasons: (hultiphase/component compositid@) mor-
phological heterogeneitiesf materials, such as distribution of
domain sizes resulting in a distribution of frequency of molecular
motions; (3)spatial heterogeneity of materials on the micrometer
scale that is formed during processing, i.e., heterogeneous distribu-

periods, respectively. The initial amplitude of the transverse tion of components, differences in morphology through the sample
magnetizationA(0), which was determined by a least-squares fit volume because of variation in temperature gradient and flow
of the FID, was measured as a function of the excitation time, induced orientation in different parts of a sample, for example in
The signal amplitude for soft materials is underestimated using this skin layer vs core part; (4nolecular-scale and morphologiC%DV
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heterogeneitywhich is caused by the chemical heterogeneity, such from M, value using expression for a Lorentzian line shape, as
as molar mass distribution and a variation in the chain composition, provided in ref 60.
chain sequences, and tacticity along a single chaincdB)plexity Oil. Below the critical molecular weight, th&, decay for
of molecular motionsausing a complex shape of the decay of the oligomers and low-molecular-weight polymers is well described
transverse magnetization relaxation. Because of the reasons aboveyy an exponential functio®r. Above the critical molecular weight,
a thorough study of th&, relaxation as a function of temperature, the decay shape for polymer melts is similar to that of polymer
both for a polymeric material and for the separate components networks because of the effect of chain entanglements on chain
that were used for its preparation, is desired for reliable data motions?5052as well as the difference in molecular mobility of
analysis. chain-end blocks and entangled part of a polymer ctfaddthough
2.2.4. The Shape of the Decay of the Transverse Magnetiza-  the molecular weight of Sunpar 2280 oil is lower than the critical
tion Relaxation for Separate Components of TPVsThe decay one, the shape of th&, decay deviates from the exponential one
of the transverse magnetization relaxatidn decay) is caused by ~ due to the molecular weight distribution.
different mechanisms for rigid solids and highly mobile molecules. ~ 2.2.5. Analysis of the NMRT; Relaxation Data for TPVs.
In rigid solids, the decrease of the transverse magnetization afterEPDM/PP/Oil TPV. The shape of thd@, decay for the separate
an excitation does not require molecular motions and is caused bycomponents of the TPVs is already rather complex. Therefore, only
dipolar dephasing (coherent process). Theelaxation of highly a phenomenological analysis of the decay shape can be used in the
mobile molecules is due to stochastic modulations of local fields present case. It will be shown below that EPDM, oil, amorphous,
caused by molecular motions (incoherent process). Coherent andand crystalline phases of PP reveal a distinct difference in molecular
incoherent processes determine Taeelaxation for the intermediate ~ mobility at temperatures above 10C, which allows selective
motional regime. characterization of the different fractions of the TPVs usingTthe
Semicrystalline Polypropylene At temperatures well above the ~ €xperiments. However, one should keep in mind that a single
dynamic glass transitionT(d) at the time scale of the NMR relaxation time for each fraction of the TPVs sh_oulql be considered
experiment, i.e., approximately #000us, theT, relaxation decay ~ as the weight-average parameter of a distribution of apparent
for semicrystalline polymers can usually be decomposed into threerelaxation times. It is also important to mention that, due to the
components, which originate from the crystalline phase, the complex phase behavior of TPVs, the NMR relaxation components
semirigid crystat-amorphous interface and a soft fraction of the that are separated on the base of differences in molecular mobility
amorphous phase: short, intermediate and Ibglaxation times, do not necessary correspond to TPV fractions of different chemical
respectively?®-41 The theoretical description of tife decay shape  Structures. ) _ ) o
for semicrystalline polymers abovi( is still under debate and a The FID after the SPE was fitted with a linear combination of
purely phenomenological analysis of the decay shape with two or Gaussian and exponential functions, as it was discussed in part 2.2.2:
more components is commonly used. Different functions have been
used for describing th&, decay for semicrystalline P#:42-46 The

AD) = AQ)" expl=(t(T,")"] + A(0)' exp[-t/T,]
shape of the relaxation component for the crystalline phase is

1)

described either by an Abragamian or a Gaussian function. A

Gaussian, Weibull or an exponential function has been used to

describe thd;, relaxation of the crystatamorphous interface. The
relaxation of the soft amorphous fraction is described either with a
single exponential or a sum of two exponential functions. It should

be noted that the phase composition, as characterized by the NMRS ot fra
method, is affected to some extent by the temperature of the

experimert® and by a fitting function used for the deconvolution
of the T, decay into the separate componeft$:474Nevertheless,

the amount of rigid phase that is determined fromTheelaxation
analysis corresponds rather well with crystallinity values obtained
by other methods. It should be noted that, in general, different
methods for crystallinity determination do not always yield the same
results on exactly the same sample, because of the following
reasons: (a) the complex morphology of semicrystalline polymers

requires different sets of assumptions for the analysis of data

recorded by the different techniques; (b) the two-phase model is
rather simplified for describing semicrystalline polymers due to the
presence of a crystamorphous interface, which can be detected

either as crystalline or amorphous fraction depending on the method

used; (c) the discrimination of the crystalline phase from the
amorphous one is made on the basis of different characteristics
such as the enthalpy of melting (DSC), long-range periodicity
(WAXD), bond vibrations (vibrational spectroscopy), the specific

volume (density analysis), or molecular mobility (NMR).

EPDM. A quantitative analysis of the shape of thedecay for
elastomers is not always straightforward due to the complex origin
of the relaxation function itseff->4 and the structural heterogeneity
of polymer networkd3 A function that has been suggested for
rubbers by J. P. Cohen-Addétand is hence referred as the Cohen-
Addad function, describes rather well the shape of Thelecay
for cross-linked rubbers. Adjustable parameter of this functébn (
in eq 20 in ref 55) is related to the strength of the dipolar coupling,
as determined by the second momévti, of the NMR line shape.
The Cohen-Addad function has the least number of fitting

Only the initial part of the decay in the time range from 0 to 100
us was fitted. In this fit, the baseline was fixed to the value that
was measured at the same conditions for the NMR tube without
the sample. Superscripts in eq 1 stand for “aryétalline phase)
and “I” (long decaying part of the FID, which originates from the
ction of TPV composed of the amorphous PP, EPDM and
oil). Since theT, value, as determined from the SPE, is affected
by B, heterogeneity, this relaxation component cannot be used for
the analysis of molecular mobility of the soft fraction of TPVs.
The decay of the transverse magnetization, as measured with
the HEPS, was fitted with a linear combination of an exponential
function, the Cohen-Addad functighand an exponential function:

AD) = A(0)* exp[=(t(T,™)] + A(0) f(CA[—(UT;)] +

A)° exp[-t/T,] (2)

Superscripts in eq 2 stand for “sabft amorphous PP phase), “r”
(rubbery EPDM phase) and “o0i{ fraction). The validity of the
assignment of these relaxation components to different phases of
the TPVs will be demonstrated below. Thgdecay, as measured
'with the HEPS for oil-extended nonvulcanized EPDM, was fitted
with a linear combination of two exponential functions:

A(t) = A0) exp[=(t(T;)] + A0)° exp[-t/T,’] ®3)

In the equations above, the time constariis relaxation time),
which are characteristic of different slopes in the magnetization
decay curve, are related to molecular mobility. The longerTthe
relaxation time, the larger the frequency (and/or the amplitude) of
the molecular motions. The relative fraction of the relaxation
componentsf A(0)"4e¥[A(0)" + A(0)a+ A(O) + A(0)]} x 100%,

as designated in the text by %" represents the fraction of
hydrogen in phases/components with different molecular mobility.

parameters as compared to other functions, which have been usedSince the hydrogen content in PP, EPDM and oil is nearly the same,
Therefore, this function was used in the present study although its the % T,"dex represents the mass fraction of TPV fractions with

theoretical validity is subject to discussi#hT, was determined

different molecular mobility. Repeated experiments for the s%%
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sample indicate that the relative error of the relaxation parameters
was smaller than 510%.

2.2.6. Determination of the Molar Mass of Network Chains
in Rubbers and Rubbery Phases!H NMR T, relaxation in
polymers at temperatures that are well abdyeis a measure for
anisotropy of chain motions, or more precisely, residual dipolar
couplings. The distinguishing feature of thgrelaxation for cross-
linked polymers is the plateau observed at temperatures that are
well aboveTe.1® The temperature-independencélpfn that plateau
(T2 is attributed to constraints, which limit the number of possible ° o
conformations of a network chain relative to those of a free chain. 0 10 20 30
Suggesting the Gaussian chain statistics, the theory of transverse time, ms

relaxation in elastomeric networks relaf€s' to the number of . . .
. ; : Figure 1. T, relaxation decay for oil-extended EPDM samples EPDM/
statistical segment&, in the network chains that are formed by 12, EPDM/50 and EPDM/100 without added vulcanization additives.

4 EPDM/100
o EPDM/50
o EPDM/15

o
=
‘e
H
#
i
>

Amplitude, A(f)/A(0)

chemical and physical network junctioffs:® TheT, decay was measured at %0 using the HEPS. The dotted lines,
| | which are guide for the eye, mark the decay part that largely originates
Z= (T[a(T,h] (4) from the relaxation of oil molecules. The amplitude of the transverse

magnetizationA(t), was normalized to its value at time ze/&(0).

wherea is a theoretical coefficient which depends on the angle
between the segment axis and the internuclear vector for the nearest
nuclear spins at the main chains. For polymers containing aliphatic
protons in the main chain, this coefficient is close to &.2.750

T, is the relaxation time measured beldly for the polymer
swollen in a deuterated solvefii for swollen EPDM, as measured

(-]
at —133°C, is 10.4% 0.2 us?! Using the number of backbone K o 40°C
bonds in one statistical segment, designated asti@ weight- & o 80°
average molar mass of network chains can be calculated from the . 90°C

Z value:

M,, = ZC M/n (5)

0+ : T
0 20 40

oil content, wt.%
bonds in an elementary chain unit. A,@alue of 6.62 for an Figure 2. Dependence of %.° on the oil content (in wt %) at different

HereM, for EPDM is the average molar mass per elementary chain
unit for the copolymer chains, amd= 2 is the number of backbone

temperatures for oil-extended EPDM samples without added vulcaniza-
tion additives. Solid lines are results of a linear regression analysis of
the data. The dotted line of the slope one is a guide for the eye.

alternating ethylenepropylene copolymét was used for the
calculation ofM,, of EPDM chains in TPVs.

For rubbers as such, the NMR method determines the total,
volume average network density that is composed of chemical cross- ) o0 a2 a6 .
links (CC), temporary (EN/TE) and trapped (EN/TR) chain ©Of PP was previously §tud[éév. Molecular mobility and
entanglementt For partially swollen samples at volume concen- the network structure in oil-extended EPDM have been not
tration of a solvent of approximately 40%, the NMR method previously analyzed in details. Therefore, we will start from
determines the network density composed of CC and EN/TRe this topic first.

NMR analysis of a series of EPDM vulcanizates as such and those 3 1 \jglecular Mobility of Oil Molecules in Unvulcanized
in the partially swollen state provides an estimate Qf the molar mass EPDM and EPDM Vulcanizates. It is well established that
between apparent chain entanglemels, The obtainedVl. value . .

the physical state and molecular mobility of small molecules

of 1900+ 200 g/mol is in the same range as those determined by . ; -
other methods, which shows that the NMR method provides rather I & Polymer can be strongly influenced by molecular mobility

accurate values of the network density in EPDM rubBéfa. of the host matri¥’~70 Highly selective characterization of
Moreover, theT, relaxation analysis of several cross-linked rubbers EPDM chains anq oil molecules in oil-extended EPDM can be
has shown thatl,, values, as determined from®, coincide within performed only in the case when molecular mobility and

15—20% with My, values that have been determined by traditional consequently thd, relaxation of EPDM and oil is distinctly
methods for network structure analysis, such as mechanical different. To determine the optimum temperature for the
experiments, equilibrium swelling and the chemical conversion of analysis, thel, relaxation experiment is performed at different
functional groups involved in cross-link formati!-%%3t should temperatures for unvulcanized EPDM containing various amounts
be mentioned that theories, which are used for calculating the of oil. The T, decay for oil-extended EPDMs consists of fast
network density from physical properties (such as equilibrium and élow decaying components, as can be seen in Figure 1.

modulus, equilibrium swelling and), are based on certain he fast-d - is ch zed bval f
assumptions that are source of systematic errors. Possible artifactsg "€ fast-decaying component is characterized byalue of a

in network structure analysis by the NMR relaxation method ~ few milliseconds. The other component has a substantially

were recently discusséd ;66 longer decay time. The characteristic decay time of these
_ _ components 12" and T,°) is comparable with that of pure
3. Results and Discussion rubbef! and paraffinic oil. The relative fraction of th&°

The TPVs that are investigated in the present study are COmponent increases with increasing amount of oil in EPDM.
composed of-PP, EPDM and paraffinic oil. The microphase Below 90 °C, the relative fraction of thel,° relaxation
structure of this material is rather complex due to semicrystal- component, %9-°, is lower than the amount of oil in the samples
linity of PP and patrtitioning of the oil between the cross-linked (Figure 2). This suggests that some oil molecules and/or their
EPDM and the amorphous phase of PP. Therefore, knowledgefragments are physically trapped in the EPDM matrix and/or
of the T, relaxation behavior of the separate TPV components oil coexists in different environments, i.e., oil-rich and EPDM-
is necessary for reliable analysis of the phase composition andrich domains. At 90C, the %T,° coincides within the accuracy
molecular mobility in these materials. Proton NMRrelaxation of the measurement with the amount of oil (in wt %) in O&DV
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g 1o S~ | —UEPDMS0 £ —v— EPDM/12-gel
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~ ° . =~ o6 |  —e—EPDW/4-gel
% T, —=— EPDM/0-gel
" 4\%1\\. | —A—EPDM/100
e, —=— EPDM/50 04 . . :
, —e— EPDM/15 2,4 2.8 32
24 28 82 1000/T, K
1000/7, K Figure 4. Temperature dependence Bf for the gel fraction of oil-
Figure 3. Temperature dependence of relaxation tirigsand T,° extended EPDM vulcanizates (see Table 1). Lines are guide for the

(close and open points, respectively) for oil-extended EPDM samples €ye.
EPDM/15, EPDM/50, and EPDM/100 without added vulcanization

additives, and paraffinic oil Sunpar 2280. The lines are guide for the jnitia] samples contained various amount of paraffinic oil, i.e.,
eye. from 5 to 100 weight parts of oil per 100 parts by weight of
EPDM (phr). The samples were cured at the same conditions
with the same amount of vulcanization recipe per weight unit
EPDM, which should result in nearly constant density of
chemical cross-links for all series of the vulcanizates (Table
1). To simplify the analysis of th&, decay and improve the
accuracy of the network density analysis, the oil was extracted
from all vulcanizates.

The temperature dependence of fherelaxation time for

extended EPDM. Thus, the molecular mobility of EPDM chains
and oil molecules at 90C is decoupled to a large extent, and
the relaxation timed," and T»,° can be used as a measure of
molecular mobility of EPDM and oil. However, this assignment
of the relaxation components is very simplified because of the
following reasons: (1) the complex shape of thedecay for
EPDM and oil, which requires several assumptions for decon-
volution of theT, decay into the relaxation components, as it ; ; L
was discussed in the Experimental Part; (2) molecular mobility €xtracted Yulcanlzates (gels) as a whole is shown in Figure 4.
of a small fraction of EPDM and oil could be rather similar APOVe 90°C, T> reaches a nearly constant value contrary to
due to a broad molar mass distributid\yD) of EPDM and nonvulcanized sample_s, which show a continuous increase in
oil fractions; (3) EPDM chain-end fragments reveal molecular 120 EPDM chains (Figure 3). The temperature independence
mobility and consequently & relaxation similar to that of oil;  ©f T2 for gels means th& is hardly influenced by the frequency

(4) the molecular mobility of EPDM chains and oil molecules of chain motions and its value is determined by constraints that

is coupled to some extent even at high temperatures, as followgimit the number of possible conformations of network chains

from the dependence @%° on the sample composition (Figure with respect to those of a free chain. The temperature indepen-
3). dence ofT; at the high-temperature plateau for the gels suggests

The temperature dependence offtheelaxation parameters also that the frgction of r_1etworl_< defects, s_uch as dangling chain-
for oil-extended EPDM is shown in Figures 2 and 3. Bogh ~ ©Nds and chain loops, is low in the studied samples.
and T, increase with increasing temperature due to an increase  The T relaxation time at 90C is used for calculating the
in the frequency and the amplitude of motions of EPDM chains mean molar mass of network chains in gels, as described in the
and oil moleculesT.° is shorter for all oil-extended EPDMs  Experimental Part. Chemical cross-links, temporary and trapped
than for pure oil. The difference increases with decreasing oil chain entanglements contribute to the total network density,
content (Figure 3). This means that EPDM chains hinder the Mc+en for gels as a wholé?2! The value of 1/®lc.en for gels
molecular mobility of oil molecules due to a coupling of thermal decreases with increasing amount of oil in the initial samples
motions of EPDM and oil. The amount of oil in EPDM affects  (Figure 5). The large decrease in the network density is due to
alsoT,". The T, value increases with increasing amount of oil @ decrease in the entanglement density in gels, since the density
in EPDM, which is obviously due to a plasticization effect and Of chemical cross-links should not largely influenced by the
a decrease in entanglement density, as will be shown below.amount of oil in the initial samples. The decrease in the
Upon vulcanizationT, decreases because permanent cross- entanglement density can be due to a decrease in the density of
links increase the residual anisotropy of network chain motions. temporary and/or trapped chain entanglements. To determine
Vulcanization of EPDM samples causes an additional decreasethe effect of oil in the initial EPDM on the density of both types
in T2, as will be shown below. The higher the network density, ©Of chain entanglements in gels, the network density was also
the shorterT,°. Thus, molecular mobility of oil molecules determined for partially swollen gels. Temporary chain en-
depends on (1) the anisotropy of EPDM chain motions and (2) tanglements vanish in partially swollen samples, which allows
the mesh size of network holes with respect to the radius of determining the density of both types of chain entanglenénts.
gyration of oil molecules. Translational mobility of oil molecules The dependence af, on the solvent content in the gels is
should be influenced by the availability of network holes (mesh shown in Figure 6. Swelling hardly influenc&s for EPDM/O0.
size) that are sufficiently large compared to the size of oil This means that the fraction of temporary chain entanglements
molecules. is low in this vulcanizate and that most of entanglements in the
3.2. Effect of the Amount of Oil on the Entanglement initial rubbers are trapped upon vulcanization. Contrary to
Density in EPDM Vulcanizates.Chain entanglements provide EPDM/0, swelling largely affect;, of gels that that were cured
a large contribution to the network density in EPDM vulcani- in swollen state. Starting from a low solvent contevi, T,
zatest® Qil that is dissolved in EPDM increases the mean increases, which is mainly due to chain disentanglerfieja.
distance between neighboring EPDM chains causing a decreasslight decrease in the strength of the interchain proton dipole
in the entanglement density. To determine the effect of oil on dipole interactions could also cause a small increasg;iis
the entanglement density, the network density was determinedswollen samples.] The increase is more pronounced for gels
for EPDM vulcanizates that were cured in swollen state. The with larger oil fractions in the initial samples. Thus, the fractE}BV
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Figure 5. Density of chemical cross-links and chain entanglements Figure 7. Density of temporary chain entanglements {429 in the
(1/2Mc+en) in the gel fraction of oil-extended EPDM vulcanizates as a ge| fraction of oil-extended EPDM vulcanizates as a function of the

function of the volume fraction of oil in the initial sampléeg, for volume fraction of oil in the initial sampled/y;. Solid line represents
the gel fraction as a whole®) and for partially swollen gelsl). the result of a linear regression analysis: (interce@1 + 5 mmol/
1/2Mcien for partially swollen gels was calculated froffy at the kg; slope= 1.4+ 0.3 mmol/(kg %); the correlation coefficient 0.93).

maximum of the dependences in Figure 6. Solid lines represent the The dotted line shows the density of apparent chain entanglements in
results of linear regression analysis for gels as a whole (intereept  EppM without oil2?

483 + 4 mmol/kg; slope= —4.2 + 0.2 mmol/(kg %); the correlation
coefficient= 0.996); and for partially swollen samples (intercept

453+ 5 mmolikg; siope= —5.7 + 0.2 mmoli(kg %) the correlation chain entanglements in gels as a whole slightly increases upon

coefficient= 0.997). Dotted lines are calculated using eq &foralues increasing oil content in the initial samples (Figure 7). However,
of 2 and 2.5. 1/2Mcieniein gels is a few times lower than the entanglement
density in EPDM without oil (Figure 7). This means that
167 ' ' ' ' —e— EPDM/100-gel chemical cross-links in cured oil-extended EPDM largely hinder
—w— EPDM/50-gel the formation of temporary chain entanglements upon extraction
—=__EPDM/30-gel of oil from the vulcanizates.
1,24 { A EPDMO-gel The decrease in the entanglement density upon increasing
g oil content in the vulcanizates can be estimated using a scaling
R approache$! In concentrated polymer solutions, the plateau
= o8- i modulus, G,, and consequently the entanglement density is
scaled with the volume fraction of polymer, with an exponent
m o Go ~ ¢* According to several experimental and theoretical
studies the value af varies from 1.9 to 2.8%7279 The effect
0,4+ . : . . ) L
0 20 40 60 80 100 of the amount of oil on the total network density in swollen
V. % gels was calculated using the following equation dovalues
s of 2 and 2.5:
Figure 6. H T, relaxation time at 90C for the gel fraction of oil-
extended EPDM vulcanizates as a function of the volume fraction of 1M, o, = 1/2M, + 1/2M_ (1 — Von)a (6)

tetrachloroethylene in swollen gelg. Lines are guide for the eye.

of temporary entanglements in gels as a whole largely increasesThe experimental dependence of 2., on Vg for swollen

with increasing oil content in the initial samples. Y&~ 40— gels could be described using scaling approach (Figure 5). Thus,

60%, T, reaches a maximum value. At higher values/gfT, the decrease in the overall network density in oil-extended

decreases until a state of equilibrium swelling is reached. This EPDM vulcanizates upon increasing oil content is due to a

decrease i, is thought to reflect the increase in intrachain, decrease in the entanglement density.

proton dipole-dipole interactions as a result of network chain 3.3. Selective Characterization of PP, EPDM and QOil in

elongation upon a progressive increase in the solvent fraction TPVs Using Proton NMR T, Relaxation Analysis. The T,

in the swollen gef? relaxation decay, which is measured with the SPE and the HEPS
The T, relaxation time at the maximum of dependencd of at elevated temperatures, reveals four fractions of the TPVs with

on Vs (Figure 6) is mainly determined by the network density distinct differences in molecular mobility, as reflected B,

that is composed of chemical cross-links (c) and trapped chainT,%3 T, andT° values (see eqs 1 and 2). The differences are

entanglements (en/tr), VR ent-2t 1/2M. for EPDM/0 vulca- the most pronounced at 1TC. Higher temperature for the

nizate was calculated using the following equation: Md2:, experiments is not desired because the PP phase can be annealed

= 1/2M. + 1/2Mg,, where Mg, = 1900 & 200 g/mol?! The during the measuring tim&.As example, thd, decay for one

value of 1/Mcrensir for swollen gels decreases with increase of of the samples is shown in Figure 8. At 110, theT, values

oil content in the initial samples and approaches the density of for these four TPV fractions are in the range that is typical for

chemical cross-links for EPDM vulcanizate with the largest separate components of the TPVs, i.e., crystalline and amor-

amount of oil in the initial sample: EPDM/100 (Figure 5). Since phous phases of PP, EPDM vulcanizates and oil. The relative

the density of chemical cross-links, Mg, for all samples should  fractions of the relaxation component® T,, % T,52 % T,

be close to its value for EPDM vulcanizate without oil (EPDM/ and %T,° (see eqgs 1 and 2)provides the amount (in percent

0), chain entanglements are hardly present in swollen EPDM/ of hydrogen atoms) of TPV fractions characterized by large

100 gel. The density of temporary chain entanglements, differences in molecular mobility. In the entire range of the TPV

1/2Mc1enite In gels as a whole can be determined by subtraction compositions, the relative intensity dg" and T2° relaxation

of the network density in partially swollen gels (Mg:en) from components is close to the amount of EPDM and oil, respec-

that in gels as a whole (2. The density of temporary  tively (Figure 9b,c). Crystallinity of PP, as determined by QBV
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Figure 8. T, relaxation decay for TPV that is composed of 38.3 wt %
EPDM, 38.3 wt % oil, 16.4 wt % PP and 7.0 wt % peroxide based 04 T T T T
vulcanization recipe. The decay was measured at°CLOKey: (a) 0 20 40 60 80 100
FID that was measured with the SPE; (b) fherelaxation decay for b EPDM, wt%
the soft fractions of the TPV, as measured with the HEPS and CPMG.
The amplitude of the transverse magnetizatia) from all experi- 100 T T T T
ments, was normalized to the initial amplitude of the transverse
magnetizationA(0), that was determined by a least-squares fit of the 80
FID measured by the SPE. The solid line represents the result of a
least squares adjustment of the decays using eqs 1 and 2 for the SPE

and the HEPS data. The CPMG data were fitted with the Weibull 60+ ]
function. Dotted lines show separate components.

%T,

%I,

NMR method at 110°C,2° is hardly affected by the TPV
composition and is close to 70 wt %. The value of %9 + %

T,°3 is also close to the amount @fPP in the TPV with
exception of samples with the lowest and the highest content
of i-PP (Figure 9a). The deviations from the sample composition 0 20 40 60 80 100
could find the following explanation. The NMR relaxation c oil, wt%
components that are separated on the base of differences ir]:i 9. D d ¢ Lo . )

. . gure 9. Dependence of the relative intensity of tfig relaxation
molgcular mob|llty do not necessary correspond to TPV fractions components on weight fraction of PP (a), EPDM (b), and oil (c) in the
of different chemical structures, because of the complex phaseTpvs. Key: (a) the sum of the relative fractions & and T
behavior of TPVs, namely: (1) partitioning of oil between PP relaxation components against the weight fractioi®P in the TPVs;
and EPDM phases, (2) small racion of rubbery.e atactc (8) e e kaoton o Feseion component saar e weon
PP, and (3) partlal miscibility of propylene-rich Chaln'fragments component against the weigﬁt fraction of oil in the TPVs. Dotted lines
of EPDM with amorphous PP phase at EPDM/PP interface.  of the slope 1 are guide for the eye. Solid lines represent the result of

The results in Figure 9 suggest a good phase separation ofa linear regression analysis of the data: (a) intereefi8.7 + 0.8%,
the PP and EPDM phases and decoupling of molecular mobility slope= 0.64 £ 0.02, the standard deviatien 1.4%, the correlation
of oil molecules from chain mobility of the host matrix for most ~ coefficient= 0.993; (b) intercept= 7 & 5%, slope= 0.83+ 0.1, the

. . standard deviatior= 5.6%, the correlation coefficient 0.917; (c)

of the samples. Therefore, the following assignment offthe  jntercept= 1.8 + 1.3%, slope= 0.96+ 0.04, the standard deviation
relaxation components to different morphological structures in = 1.7%, the correlation coefficiert 0.992.
TPV can be made: (I, relaxation, crystalline PP and a rigid
fraction of the crystatamorphous PP interface; (2),% 90 °C. Thus, theT, relaxation analysis at 110C provides
relaxation, mainly the soft fraction of amorphous PP, small selective information on molecular mobility of EPDM chains
amounts of propylene-rich chain fragments of EPDM at the PP/ in the rubbery phase, of oil molecules, and of the amorphous
EPDM interface and a small fraction of oil molecules that are and crystalline phases of PP.
immobilized in the amorphous phase of PP; (3)relaxation, 3.4. The Effect of TPV Composition on EPDM Network
mainly EPDM rubber, possibly small amounts of the atactic Density. The relaxation timery", which mainly characterizes
fraction of PP at the PP/EPDM interface, and the least mobile the EPDM chains in the rubbery phase of TPVs, can be used
oil molecules; (4)T.° relaxation, highly mobile oil molecules.  for quantitative determination of the network density in this
It should be mentioned that the distints relaxation for oil phase. Several types of network junctions can contribute to the
molecules does not suggest microphase separation. It is showriotal network density, as determined by the NMR method.
above that the rotational mobility of oil molecules is largely According to our previous studies, the NMR method measures
decoupled from mobility of EPDM chains at temperatures above the total network density that is composed of chemical cre:%;v
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300 T - - with the same amount of oil and PP (TPVs-3), the total
network density increases By20% upon a four times increase
o 2501 ] in the amount of cross-linker per unit weight of EPDM. For
< samples without oil and with the same amount of cross-linker
g per unit weight of EPDM (TPVs #10), the network density
g 200 increases by 1.5 times with increasing amount of PP from 20.1

wt % to 80 wt %, which could be due to the following reasons.
150 1 (1) Although EPDM and PP are demixed, propylene-rich chain

c+pten

S fragments of EPDM would have a tendency to be partially mixed

g 100 with the PP phase, resulting in a thin PP/EPDM interfacial layer
0 4 8 12 16 of (sub)nanothickness. EPDM chain units that are trapped at
(PP x phenolic resin)/oil, in weight parts the interface form physical network junctions. (2) EPDM chain

Figure 10. Network density in the rubbery phase of TPVs as a function fragments might also be trapped at the interfacial layer because

of weight ratio PPx(phenolic resin)/oil. Solid line is a guide for the Of entanglement of PP chains with propylene-rich chain frag-
eye. ments of EPDM. (3) A change in the dimensions of the EPDM

phase, the size and the number of PP occlusions in the EPDM
phase should also cause a change in the interfacial EPDM/PP
surface area per unit volume of EPDM and, consequently, in
40+ 1 the density of physical EPDM/PP junctions.

Analysis of the total network density (IVRip+en) for the

301 1 entire set of samples does not reveal a good correlation between
< the network density and the relative amount of either the cross-
linker, the oil or the PP. This suggests that all types of network
junctions, as indicated above, contribute toMé2y+en in the
rubbery phase of TPVs. Therefore, the total network density in
the rubbery phase of TPVs is plotted in Figure 10 against the
following weight ratio: [PPx (phenolic resin)]/oil. The use of
mmol/kg this ratio has the following reasons. The increase in the amount
of cross-linker and PP causes an increase in the density of
chemical cross-links and physical network junctions at the

50 T T

, ms

o

204 o
o

100 120 140 160 180 200

12M

c+p+en’

Figure 11. T, relaxation time for oil molecules at 12C as a function
of the network density in the rubbery phase of TPVs. The solid line is

a guide for the eye. EPDM/PP interface, respectively. The decrease in the amount
of oil causes an increase in the entanglement density. Therefore,
links and various types of physical network junctigAgl.8o-83 this weight ratio could be considered as a parameter that

In TPVs without oil (samples 711), the network density in ~ dualitatively relates the sample composition to the total network
the rubbery phase, N2+ -+, Should be composed of chemical density in the rubbery phase_ of TPVs. The dependence in F_igu_re
cross-links (c), physical junctions at the EPDM/PP interface (p), 10 reveals a good correlation between the network density in

temporary (en/te), and trapped (en/tr) chain entanglements (en){he rubbery phase of TPVs and the “cross-linking” parameter.
One could expect the following effect of TPV composition Thus, both chain entanglements, chemical and physical network

on the network density in the rubbery phase. The density of junctions should be taken into account for analysis of viscoelas-

chemical cross-links should increase with the amount of phenolic i Properties of TPVs as a function of TPV composition.
resin until complete conversion of the third monomer of EPDM ~ 3.5. The Effect of TPV Composition on the Phase
is reached. The entanglement density should decrease uporomposition and Molecular Mobility in Different Phases of
increasing the amount of oil. The density of temporary chain TPVs. It was shown above that the amounts of TPV fractions
entanglements in TPVs containing a large fraction of oil should [(% T2 + % T2%9), % T2/, and %T°], which reveal different
be low, as was shown above for oil-extended EPDM vulcani- chain mobilities, are close to the sample composition (Figure
zates. One might expect that the density of physical junctions 9). This suggests a good separation of PP and EPDM phases.
that originate from the EPDM/PP interface will increase with Therefore, th relaxation time for different phases/components
increasing relative amount of PP in the TPVs. The interfacial of TPVs provides phase selective information about molecular
layer is formed at the shell of the rubber particles and PP mobility in the TPVs. This information could be important for
particles occluded in the EPDM phase. Occlusion of PP particles better understanding of the macroscopic properties of these
in the dispersed EPDM phase has been suggested previously.materials and establishing structure-properties relationships.
It should also be noted that the particle size of the rubbery phaseSome discussion of these items is given below.
is affected by the composition of TPVs. The relaxation time for oil moleculed,?, decreases with
The network density for the full series of TPVs is shown in increasing network density in the rubbery phase (Figure 11).
Table 3. Similar to oil-extended EPDM samples, the total The shorterT,, the smaller is the amplitude and/or frequency
network density in the TPVs increases with decreasing amountof molecular motions. It is anticipated that molecular mobility
of oil in samples with comparable amount of PP and cross- of small molecules in the polymer matrix is coupled to chain
linker (TPV5 vs TPV12, and TPV7 vs TPV13). For samples mobility.84-86 Since translational and rotational mobility of oil

Table 3. Total Density? of Cross-links in the EPDM Phase of TPVs, as Determined fronT,'

TPV 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
L/2Mctpren 151 172 183 133 199 284 237 265 287 359 157 131 104 157 154

aThe total network density, 1R:+p+en (in mmol/kg) is composed of chemical cross-links (c), chain entanglements (en) and physical network junctions
(p) originating from EPDM/PP interface. cDV
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Figure 13. Modulus at 60°C for TPVs containing 20 wt % PP against o 40 80 120
the network density of EPDM. The solid line is a guide for the eye. time. ms

. . Figure 15. T, relaxation decays for TPV composed of 31.4 wt %
molecules, as determined by tiig’ value, correlate well with  gpp '31.4 wt % oil, 31.4 wt % PP and 5.8 wt % peroxide based

the network density (Figure 11), the dependenceTls5f on vulcanization recipe. The decays are measured with the HEPS at
1/2Mcpren SUggests that the majority of oil molecules resides different time, tin, after the 188-inversion pulse. The experiment is

in the EPDM phase at 1. A small fraction of oil molecules ~ Performed at 110C. The inversion time is shown on Figure. The time

. . . . S domains, which mainly correspond to the relaxation of soft amorphous
is mixed with PP, since mole_cular mOb'“t_y in the _amorphous PP and the rubbery phase with oil, are shown by dotted line.

phase of PP increases with increasing oil/PP weight ratio, as . i o

can be seen in Figure 12. Plasticization of the amorphous PP 3.7. Possibilities for Improving the Selectivity of Proton

by oil has also been shown previously by DMFAIES 12 and NMR to Different Phases in TPV. Although theT, relaxation
DSC14 method, that is described above, offers rather good selectivity

to different phases/components of the TPVs, the method

Mechanical P ties Mechanical " fthe TPV involves elaborated least-squares analysis of the data that could
echanical Froperties.Mechanical properties of the sare hamper a wide method application. To enhance the selectivity

affected by a r_lumber of fact_or_s: (1) the sample composition; ¢ the T, relaxation to the analysis of different phases in TPVs,
(2) morphological characteristics, such as domain sizes; (3) 55 \well as to improve the accuracy of the data, two types of
molecular characteristics of different phases, such as networky R filters are evaluated in the present study. The experiments
density in a rubbery phase, crystallinity of PP and softness of ;.o hased on an inversienecovery and a double quantum (DQ)
the amorphous PP phase. Establishing structure-propertiesjier followed by the HEPS.

relationships for TPVs requires a multidisciplinary approach, |t the size of domains exceeds a few hundreds of nanometers,
which is outside the scope of the present study. Nevert.heless,the recovery of the longitudinal magnetizatichi felaxation,

a few trends can be mentioned. The_ modulus of TPVs with the 535 measured by the inversierecovery experiment) for rigid
same PP content (samples3, 7,13) increases from 2.810 4.3 anq soft fractions of two-phase polymers usually differs in a
MPa upon nearly two times increase in the network density in \ide temperature rang@The efficiency of théH spin-diffusion

the EPDM phase (Figure 13). The modulus is largely determined petween PP and EPDM/oil phases in the TPVs is low due to
by the fraction of PP in the samples, as can be seen in Figurethe large size of EPDM domains, which is in the micrometer
14. Its value increases from about 1 to 30 MPa with increasing range, and high molecular mobility in the EPDM/oil phase.
PP content from 12 to 45 wt %. Thus, the network density in Therefore, differences itH T, relaxation of PP and EPDM/oil
the rubbery phase of TPVs moderately influences the modulus. phases could be explored to enhance the selectivity of proton
Both compression and tensile sets, which are determined 4 hNMR for the analysis of these phases in the TPVs. The
after stress was removed, increase with the increase of PPrelaxation decay that is measured with the HEPS after different
content. These properties are only slightly affected by the inversion time i) in the inversior-recovery experiment is
network density in the rubbery phase. The increase in the shown in Figure 15. It is noted that tfe decay for crystalline
network density in the rubbery phase improves elastic recovery PP is not detected by the HEPS. At shigkt, the amplitude of
both after compression and tensile deformations. Elastic recoverythe T, decay is negative. The initial amplitude of the de£&g)

at short recovery time is somewhat faster for samples with larger changes from a negative value through zero (zero poiri),at

oil fractions. ~ 95 ms to the equilibrium magnetization upon increasingéfgv

3.6. Some Relationships Between TPV Composition and
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inversion timetj,,. Large changes in the shape of the relaxation T T T T
decay are observed at valuestg§ that are close to the zero
point. At ti,, ~ 116 ms, theT, relaxation component that
originates from amorphous PP goes through the zero point and
the transverse magnetization mainly originates from the relax-
ation of EPDM and oil. Atti,, ~ 160 ms, the zero point is
observed for EPDM and oil. A global fit of th&, relaxation

function at all range ofi,, can largely increase the accuracy of

-
o} o
T T

.
L L

A(0),/A(0),,, %
o))

determination of th@> relaxation time for the TPV phases. The 2t ——
global fit, as described previoushy& adjusts ond’, value for o ‘ ‘ . .
each relaxation component that is common forTallecays in 000 002 004 006 008 0,10

Y]

the array. The important improvement of the global fit, as
compared with a separate fit of each decay, is the high reliability
of the “best fit” values ofT,. Although the inversion method
can provide accurate values of for each phase of TPVs, the 10 i
method requires elaborated data analysis and suffers from a lack
of selectivity for EPDM and oil.

The other way of enhancing the selectivity explores a DQ
filter. In the past decade, DQ and multi quantum (MQ) proton

excitation time, ms

12 T T

A(0), /A0, %
[}

NMR experiments have been applied for characterization of g See )l
polymer network$287-93 heterogeneity of grafted layéfsand 5 ‘/' '\'\...\ 1
mobility of soft blocks in block copolyme®. Recently, DQ " .
filters have been applied in spin-diffusion experiments for 0, : 5 3

selection of the magnetization of a rigid phase in heterogeneous
polymers33-38 In the present study, the DQ filter will be used

to enhance the selectivity of thE relaxation experiment to 2,0 T ' ' T
different phases in TPVs, as well as to gain qualitative ~

information about the molecular scale heterogeneity of the
rubbery phase in TPVs.

Using the DQ filter, the PP and EPDM phases in TPV can
be selected by a proper choice of the excitation/reconversion
time, tex. TO determine the optimura« for selecting different
phases of TPVs, a DQ buildup curve is recorded. The initial
amplitude of FID in the DQ experiment is shown as a function
of the excitation timeex at short, intermediate and long values , s S
of tex (Figure 16 a-c). It is noted that the amplitude of the NMR c 20 40 60 80 100
signal in the DQ experiments should be smaller by at least 50% c excitation time, ms
than its value in the SPE experiment. The DQ buildup curve Figure 16. Proton DQ buildup curve at 116C for TPV that is

shows two pronounced maxima. The first maximum is observed C‘:r;}posed %f 35-3 A %I EPDMt'. 38.3 wt %T%”’ '1§£'4|Wt %I.'tjpda”? F7|'|g
N o wt % peroxide based vulcanization recipe. The initial amplitude o
at fec ~ 13.5 us. Such short excitation time is typical for o' 5o experiment, which is measured atiatelay time, is shown

CWSt_a”ine _phase_s in SemicrySta”_ine polymﬁg'hergfore, this as a function of the excitation timig, at short (a), intermediate (b),
maximum is assigned to crystalline PP. Our previous study of and long (c) values of.x. The amplitude is normalized to the initial

HDPE has revealed that the amorphous phase of HDPE showsamplitude of the transverse magnetizatié(n), that was determined

il-defi i ~ 38 Qim; by a least-squares fit of the FID measured by the SPE without the DQ
an ill-defined maximum alex ~ 2545 Similar t.o HDPE’ th_e filter. The maxima at 13.xs and 60Qus correspond to crystalline PP
amorphous phase of PP does not show a distinct maximum. 54 Eppm, respectively (Figure 16a and 16b). Gradual decay of the

The second broad maximum is observed at approximately 0.6initial amplitude in Figure 16c might originate from EPDM network
ms (Figure 16b). This maximum originates from EPDM network defects. To estimate the position of maximum both for rigid and soft
chains. Upon increasingg,, the transverse relaxation causes a fractions of the sample, the DQ buildup curves are recorded using the

. . - - DQ experiment without 180pulses (see part 2.2.2) that compensate
decrease in the amplitude of the DQ filtered sigfaAt long the effect of resonance offsets and differences in the chemical shift for

excitation times only the signal from more mobile chain ditferent types of protons of the rubbery phase. Therefore, the signal
fragments is measuréd.Therefore, the gradual decay of the amplitude for this phase (Figure 16a,b) is underestimated in this

initial amplitude of the DQ signal at lonig, might be assigned ~ experiment.

to network defects, such as loosely cross-linked EPDM chains, The mean decay time in the DQ filtered HEPS depends
dangling chains and chain loops (Figure 16c). Long-chain largely onte. The normalized decay at differetag is shown in
network defects should have anisotropic chain mobility as Figure 17a. This figure illustrates that the decay shape is not
opposed to, e.g., the oil. The absence of a pronounced maximunmstrongly influenced bytey,, Wwhereas the decay time increases
is an indication of a broad distribution of residual dipsetépole with increasingtex. It should be mentioned that the observed
couplings due to various types of network defects. The signal decay shape is typical for polymer netwofRs>* The efficiency

at long excitation times could also be caused by single quantumof the DQ filter depends to a large extenttag as can be seen
coherences that pass through the DQ filter due to imperfectionsin Figure 17b,c. In these plots, the DQ filter@d decays are

of the radio frequency pulses and chemical shift effects. normalized to the initial amplitude of th&." relaxation
Therefore, identification of the origin of the signal at excitation componentA(O) (see eq 2), that is measured by the HEPS
times longer than a few milliseconds requires an additional without the filter. The initial amplitude of the normalized decays,
study. A(0)/A(0Y, is significantly lower tharA(0)" determined by th%DV

T

excitation time, ms

A(0),JA(0),, %
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EPDM network structure. If the molar mass distribution of

® R A eps A0 ieps network chains would be narrow, the decays in the DQ

b ‘“AA filtered HEPS should not show large dependencé.prSince

g Laa network heterogeneity strongly influences the rate of buildup
§ 0.1 DtQ'("r'nESF)’S of the DQ coherence®?! the dependence of the decay time
< % o 01 on tex could be explained by a wide molar mass distribution of

g ] e 08 network chains in the EPDM phase of the TPVs.

g 001} - g-g Four different types of rubbery networks should be treated
= ° ; 40 separately in discussion of network structure, network hetero-
< %O .. °© 5] 4o 8o geneity, chain entanglements and residual dipdigole inter-

. actions as measured by NMR methods: (1) cross-linked rubbers
B3, T 50 as such, (2) rubbers that are swollen after cross-linking, (3)

Y

A(t DQ—HEPS)IA(O)rHEPS

1E-4 L ‘e

0 50 100
b t,ms

N

001L8  ta *
?

A(t DQ-HEPS)IA(O)rHEPS

DQ-HEPS
t (ms)

o 01

» > = 0 e
o W
o

1E-3 oo :
0

c t, ms

rubbers that are cross-linked in swollen state as in the present
study, and (4) the third type of rubbers after solvent is removed.
In addition to that the type of curing method (e.g., conventional
vulcanization and end-linking reactions) and the type of network
junctions (e.g., their bulkiness and ziplike network junctiéf3

can largely influence the network topology, network heterogene-
ity, and the amount of network defects. These structural
characteristics of polymer network could largely influence
volume average chain dynamics and macroscopic properties.
Results that are provided below are obtained for sample, which
is cross-linked in swollen state and contained large amount of
oil before cross-linking (EPDM:oil weight ratio equals 1). At
this concentration of oil, EPDM chains are hardly entangled,
as can be seen in Figure 5. Therefore, mobility of short and
long chains, as well as network defects, is largely decoupled.
Moreover, the experiments are performed at 200 At this
temperatureT, value for cross-linked EPDM is mainly deter-
mined by the length of network chains, as it follows from
comparison the network density that was measured for the same
series of samples by four different methods, i.e., analysis of
stress-strain curves, equilibrium swelling, FT-Raman spectros-
copy, and theT, relaxation analysid! It is noted that the
interpretation of the DQ filtered HEPS experiment that is
provided below is not necessary applicable to other types of
rubber networks (types 1, 2, and 4).

The relationship between the molar mass distribution of
EPDM network chains andl, values, which are measured by
the HEPS without and with the DQ filter, is schematically shown
for TPVs in Figure 18. The shorter network chains, the larger
the anisotropy of chain motions and the shorfer’® The
opposite change should be observed for oligomers and linear
polymeric chains; i.e.T» decreases with increasing molar mass
due to a decrease in the frequency of molecular motions and

Figure 17. Decays of the transverse magnetization for TPV that is the effect of chain entanglemertfs®® Since the efficiency the
composed of 38.3 wt % EPDM, 38.3 wt % oil, 16.4 wt % PP and 7.0 DQ filter largely depends on the strength of the dipetiipole

wt % peroxide based vulcanization recipe. Thedecays (points) are  jaractions (see, e.g., Figure 16), the contribution of short and
measured at 110C with the HEPS after the DQ filter with different T '

te. The T relaxation component is shown by solid line. Tiig long EPDM network chains to th€; decay should depend on
relaxation component (see eq 2) is determined by the analysis of thethe excitation time. At shorte, the DQ filter enhances the
HEPS data measured without the DQ filter. Key: (a) Thedecays contribution to theT, decay from short network chains those

oy ”Or.ma"jizbed I‘tlo tlhe initial amp'fi.t““:k{o) ﬂfcfa':h d‘?CﬁyH Thﬁ(r?) is ddagopility is more anisotropic than that of longer network chains.
etermined by the least-squares fit of each decay with the Cohen-Adda The contribution of long network chains to the decay

function® (b) The amplitude of the DQ filtere®, decays is normalized ) oo 3 :
increases with increasinigy. Thus, at each particuldg,, the

to the initial amplitudeA(0) of the T4 relaxation component. (c) The
part of the decays from Figure 17b is shown at short decay times.  DQ filter selects network chains with a certain range of molar
masses. Since thie relaxation time for EPDM at temperatures
HEPS without the DQ filter. It is interesting to note that the well aboveTy is proportional to the molar mass of network
maximum for the DQ build up curve for the EPDM phase is chains (see eqgs 4 and B)the range ofl, values as a function
observed at 0.6 ms (Figure 16b). However, the mean decay timeof tex in the DQ filtered experiment may be used as a relative
in the DQ filtered experiment dtx = 0.8 ms, is significantly measure of the width of the molar mass distribution of network
shorter than that for the EPDM phase in the HEPS experiment chains. It may be suggested that which is measured at the
without the filter (Figure 17a). Only dtx = 2 ms, the decay =~ maximum of the build up curve for the EPDM phase (Figure
time from both experiments coincides. The dependence of the16b, tex = 0.6 ms), corresponds to the number-average molar
mean decay time ok could be explained by heterogeneity of mass of network chains. Contrary to the DQ filtered HEPSCzBIV
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Figure 18. Schematic drawing that shows the molecular origimof ]0 4ms ]1 0 ms ]4 ms [10 0me
relaxation time components for the soft fractions of TPVs. Distribution i I i
of T, relaxation time and molar mass distribution are shown by gray I g(T DQ—HEPS)
and black colors, respectively. The drawing explains differences in the 2

initial amplitude and the decay time that are measured using the HEPS
and the DQ filtered HEPS experiments for EPDM chains. Arrows with molar mass of EPDM network chains

T "®(HEPS) indicatel, values that are measured using the HEPS for P trin N i :

- ; gure 19. T, relaxation time distribution in the DQ filtered HEPS
amorphous PP phase, EPDM and oil (see eq 2). It is notedTihat oy neriment that is performed at 110 for EPDM network chains in
which is measured by the HEPS, is the weight-average characterlstlcEPDM/PP TPV. The TPV is composed of 38.3 wt % EPDM, 38.3 wt

of molecular mobility for each fraction of TPVs, since the relative o, i "16 4wt 96 PP, and 7.0 wt % peroxide based vulcanization recipe.
contribution of a molecule and a network chain (either between chemical The distribution function is obtained by the analysis of Thalecays

cross-links or physical network junctions) to therelaxation for each 044 red using the DQ filtered HEPS experiment at different excitation
TPV fraction is proportional to the number of protons attached to this time, tex (Figure 17b,c). The initial amplitude of the DQ filtereid
. y tex ) -

molecule and the network chain. The shaded area shows a part of thejecays'is normalized to the initial amplitudé0y of the T relaxation
T, distribution for EPDM chains that is selected by the DQ filter at = ., Jonent (see eq 2(0) is determined by the analysis of the HEPS
different excitation timete,. The excitation time that corresponds 0 2 "easured without the DQ filter. Only 18.5% of the magnetization
che ma){'&“m pfdt_het b(;JlLdugaEurve for EPDM network chains (see ¢ e rypbery phase is selected by the DQ filtered HEPS at the

igure 16b) is indicated bie,™ excitation time corresponding to the maximum of the DQ build up curve

) ) ] for EPDM (see Figure 16b). Sinde relaxation time for EPDM rubbers

EPDM chains contribute to the that is measured by the HEPS  at temperatures above 90 is proportional to the weight-average molar

without the DQ filter. Since the relative contribution of a mass of network chains (see egs 4 ané'$he T,' distribution might

network chain to the total relaxation function of heterogeneous be related to the molar mass distribution of network chains in the EPDM
. . phase of the TPV (see part 3.7).

network is proportional to the number of protons attached to

this chain, the weight-average molar mass of network chains is

measured by the HEPS without the filter.

Another parameter that characterizes the molar mass distribu-
tion is the initial amplitudeA(0) of the DQ filtered Hahn-echo
decay.A(0) undergoes the following changes upon an increase
of tex (Figure 17b,c and 19). Starting from a low valuetgf
A(0) increases, reaches a maximum and decreases at longer The present study had the following objectives: (1) to
values oftey. It could be suggested that the dependenc&(0f establish a NMRT, relaxation method for selective character-
and T, on te (Figure 19) can be used to reveal relative ization of different phases in EPDM/PP TPVs; (2) to determine
differences in the shape of a function describing the molar massthe effect of TPV composition on molecular mobility in different
distribution of network chains for a series of samples prepared phases/fractions and the network density in the rubbery phase
with the same vulcanization recipe. However, the quantitative of the TPVs; (3) to reveal the effect of molecular parameters,
analysis on the molar mass distribution is complicated, becauseas determined in the present study, on some mechanical
A(0) is influenced by two opposite effects: (1) a decrease in properties of the TPVs; (4) to establish new NMR methods for
the anisotropy of chain motions upon increasing the length of improving the selectivity of th&; relaxation analysis to different
network chains, which reduces the contribution of longer chains phases in complex polymeric materials and to characterize the
to the DQ transitions; (2) an increase in contribution of longer dynamic heterogeneity in polymeric materials and rubbery
network chains toA(0) due to larger number of protons born networks.
by longer chains. Moreover, one cannot exclude two other (1) The proton NMRT; relaxation experiments, which were
effects that could influence the dependenceA{@) on tex as applied in the present study, open new possibilities for selective
well: (1) the effect of a wide spectrum of the frequencies of characterization of molecular mobility in different phases of
molecular motions of polymer chains in general, and (2) a TPVs, of network density in the rubbery phase of EPDM/PP
gradient in molecular mobility along a network chain, i.e., a TPVs and of the molecular heterogeneity of different phases. It
loss of restrictions of rotational and translational mobility of a is shown that the largest contrast in molecular mobility in the
chain unit when moving away from the network junction. different phases/fractions of the TPVs is observed at 1.0

studied, since the presented data are obtained for EPDM, which
is cross-linked in swollen state resulting in very low entangle-
ment density.

4, Conclusions

Therefore, the analysis of the dependenc&(@) andT, on tex At this temperature, the NMR relaxation method allows to
in the relation to network heterogeneity requires additional perform a rather accurate determination of the phase composition
intricate studies. The origin of the network heterogenreéither and molecular mobility in the crystalline phase of PP, amorphous

on the molecular or (and) larger scalghould be the topic of PP, EPDM, and oil. The reliability of the method for selective
a separate study. The effect of chain entanglements on resultcharacterization of the TPV phases is proven by the fact that

of the DQ filteredT, relaxation experiments should also be the sample composition, as determined byThanalysis, is inCDV
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