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Hyperpolarized (HP}?°Xe NMR spectroscopy has been applied to high-impact porous polymers and
copolymers obtained by the latest generation supported Ziellatta catalysts. Hyperpolarized xenon
gas rapidly flows into the open cavities and then penetrates the amorphous phases of polypropylene (PP)
and ethylene propylene copolymer (EPR) millimeter particles. Variable temperature?& NMR
demonstrated that xenon uptake is largely modulated by the motional state of the phases and is considerably
reduced if glass transition is approached because the polymeric matrix becomes impermeable to the gas
phase. This is an alternative method to detect the occurrence of the glass transition even in polymeric
complex systems. The competitive absorption of xenon in PP and EPR microphases shows the morphology
of the particles and the phase architecture. The intermixing of the phases at micrometer level was
established on the basis of the xenon diffusion rates!?Xe EXSY experiments disclose the freshly
polarized xenon exchange pathways from the free gas to the EPR phase and, later on, between the
polymeric phases.

The sensitivity of?Xe NMR can be enhanced by orders
of magnitude by hyperpolarization (HP) that, exploiting
optical pumping spin-exchandg@roduces a significant xenon
signal after a few scans. Considerable improvement of the
gechnique has been achieved by the development of continu-
ous flow (CF) apparatus, that can continuously supply
hyperpolarized xenon to the sample inside the NMR %oil.
Recently, an intense activity has been focused on the

Introduction

Thermally polarized xenon NMR spectroscopy is a
remarkable technique for the study of a diversity of materials.
The atom of xenon diffusing in zeolites, clathrates, and clays
can describe the accessible cavities and channels and provid
information on their size, shape, and chemical nature.
Thermally polarized?*Xe NMR has been applied success-
fully to polymers to determine the chain mobility, the glass-

transition temperature, and the free volume of the rubbery @PPlications of HP2Xe NMR to studies of single micro-
amorphous phaseEach polymer shows its own chemical crystals, hostguest complexes, fullerenes, material surfaces,

shift that can be used to follow phase separation as well as2nd thin films® HP Xe NMR has been applied to the study
to measure domain sizes in multiphase blehds. of porous polymers with particular attention to the surface
adsorption, the description of micro- and mesoporosity, and
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Here, we propose CFHP ?°Xe NMR as an effective
technique for the characterization of porous polymeric
materials with xenon dissolving in the solid phase and
collecting information about the phase transitions and blend-
ing of the polymers. In this paper, we report the application
of CF—HP 2°Xe NMR to the study of polyolefines polym-
erized by the latest generation of supported Zieghtatta
catalysts!® This technique allowed us to address several
important parameters in polymer particles such as glass
transition and phase architecture. By the Zieglatta
supported-catalyst system, it is possible to obtain millimeter-
sized polymer particles that reproduce the spherical morphol-
ogy of the original catalyst grait:'> The polymer grown
within the catalyst particles creates a porous network

accessible to diffusing xenon that permeates the rubbery

amorphous phases of the polymeric material. The porous

particles can be used as the reaction support for a second

polymerization with a different monomer or a monomer
mixture producing an intimate polymer alloy, interesting for
important industrial applications. In the final material, HP
129%e NMR spectroscopy can recognize the single phases
and their intimacy.

Experimental Section

Continuous Flow Hyperpolarized 12°Xe NMR. A sketch of the
home-built apparatus for the production of a continuous flow of
HP xenon is reported in Figure 1. The pumping cell is located in
the fringe magnetic field (50 G) of the superconducting wide bore
NMR magnet (7.04 T). A fiber coupled diode array laser (Coherent
FAP-System) delivering 16 W at 795 nm was used to excite
rubidium. Circular polarization of the light was achieved using a
beam splitting cube (Thorlabs) and quarter-wave plate (CVI). The
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Figure 1. Scheme of CFHP 12°Xe NMR apparatus; the components are
not represented on the same scale. A fiber coupled diode array laser delivers
light at 795 nm onto the polarizer; after passing through lenses, the

light becomes circularly polarized and is used for the excitation of rubidium
in the pumping cell. In the cell, filled by a mixture of Xe/Me, collisions
between Rb and Xe promote an exchange of polarization in favor of the
nuclear spin levels of xenon. Hyperpolarized Xe flows via Teflon tubing
over the sample inside the NMR caoil.

pumping cell, containing rubidium and a mixture of 2% xenon,
2% nitrogen, and 96% helium at 4 atm, was heated at 448 K. The
circularly polarized laser light collimated to the cell pumps the Rb
electronic levels. In the cell, collisions between Rb and Xe promoted
the exchange of polarization in favor of the nuclear spin levels of
xenon. Hyperpolarized Xe was then allowed to flow at ambient
pressure over the sample inside the NMR coil via Teflon tubing
(Swagelok). Gas flow rates were optimized to highest signal
intensity, typically 300 cr#imin. The polarization was higher than
4.5%, with an enhancement factor of more than 7000 over thermally
polarized gas, as calculated by comparison with a sealed sample
of pure xenon at 1.5 atm (84.4%°Xe isotope)® Therefore, the
contribution of thermally polarized Xe is negligible in the experi-
ments, its signal being at least 3 orders of magnitude smaller than
the hyperpolarized one. No dependence of the signal intensity on
the time of exposure to the xenon stream has been observed. The
samples have been exposed to the xenon stream for at least 15 min
before starting the NMR experiments. NMR experiments were
carried out on a Bruker Avance 300 spectrometer operating at
Larmor Frequency of 83.02 MHz fd#%Xe.

A tube constitutes the sample holder; two filters are placed at
the extremities, and one acts as the inlet for the xenon stream and
the other acts as the outleAttention was always paid to fill
completely the sample holder to keep the intergranule void spaces
as constant as possible. A typical2 pulse duration was #s.
Typically, the spectra were recorded with 128 scans and 500 ms
of recycle delay. Variable temperatures were achieved by flowing
cooled or heated nitrogen gas around the sample region. Two-
dimensional (2D) exchange NMR is a powerful technique to
investigate slow dynamic processes occurring on a time-scale up
to several secondd.The 2D exchange experiments were run with
1.2-s recycle delay and spectral width of 29 kHz in batlndt,
dimensions. There were 128increments. 2D data were collected
in TPPI mode. Mixing times were varied from 50 to 500 ms.
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R. J. Chem. Physl979 71, 4546-4553.
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Table 1. Analytical Data and Thermal Properties of PP Based

Granule
ethyl. in AH AH average a x100
PP/EPR EPR mpPP tott PP TgE diameter
samplé Wt%) (mol%) (°C) (J/lg) @JIg) (K) (mm) o
PP 1000 0 164 —841 —841 260 2.2 f’w/\ 2140°C 400 “
PP/EPR-47-L  53/47 33 162 —67.9 —44.1 nd. 26
PP/EPR-68-L  32/68 38 164 —43.1 —27.4 236 3.6 annealed
PP/EPR-67-H 33/67 72 164 —52.7 —28.3 220 3.7 ¢ A\ x100
a|n the PP/EPR samples, the number represents the fraction of EPR
and H and L letters indicate high and low ethylene content, respectively. d annealed
b As determined fromt3C NMR spectra® Data obtained by differential s msrmsimnense 00
scanning calorimetef. Enthalpy due to the PP fraction. I e e | R e ]
200 150 50 0
3 (ppm)

Materials and Characterization. Isotactic polypropylene (PP) Figure 2. CF—HP 12%Xe NMR spectra of Xe gas flowing on (a)
and polypropylene/ethylengropylene rubber (PP/EPR) millimeter  as-polymerized PP particles (integral of the PP peak/integral of the gas peak
particles, produced by high-activity Mg&TiCl, supported Zie- '_PF'ggSs(_%) :P5P-7)? (b) IPP ﬁaftiches hig:)e? atlls‘lmf_or 15 Imi” g/PF“_gafi("gO)_
gIer—Nc-_ttta catalysts and p_repared in the presence of a 1,3 di_e_ther(_d) IID&p(athiclespﬁglaieeds atefftseo fc?rt 15 micr): Themr:gigmsgg? (thoe) ;as-pgaks
as Lewis base, were provided by BASELL. Sample composition are the same in all the spectra. The spectra are recorded under a xenon
determined by*C MAS NMR and calorimetric analysis is described  flow of about 0.4 L/h.
below. The photographical images of the particles, X-ray diffraction
patterns, 3C MAS NMR spectra, and Differential Scanning This behavior can be explained considering the high
Calorimetry (DSC) characterization of the samples are reported in surface area of the pristine particles and the reduction of the
the Supporting Information. Mercury porosimetry data show a surface-to-volume ratio obtained by thermal treatment. The
surface area ranging from 10 to 15/m X-ray diffraction analysis peak area depends on the amount of xenon diffusing from
of the s_amples shO\_Ns the presence of crystalline isotactic polypro-e gas phase into the polymer during the recycle delay time,
pylene in theo form in agreement with th&C MAS NMR spectra g0 each pulse excites only the new freshly hyperpolarized
(Supporting Informationj: xenon. Thus, the relative amount of dissolved xenon with
respect to the gas phase is determined by the xenon diffusion
coefficient in the bulk, the xenon partition coefficient

The spherical polymer samples are constituted by either between the gas phase and the polymer phase, and the recycle
pure polypropylene PP or by PP with a varied amount of delay. Applying the Einstein equation for diffusirix*(=
ethylene/propylene EPR rubber grown within the pristine 6D7 and considering the xenon self-diffusion coefficient of
particles of pure polypropylene phase (Table 1). The ethyleneabout 10*2 m?/s, determined for xenon dissolved in amor-
fraction in EPR copolymer phase is systematically increased phous PP and a typical recycle delay of 0.5 s, the average
in the series of samples. Calorimetric data and the averagedistance traveled by a Xe atom in the bulk PP is a few
diameter of the particle spheres are also reported. hundred nanometers. During the recycle delay, xenon gas

CF—HP 12%Xe NMR spectra of PP particles, as-polymer- can rapidly invade the accessible pores of the millimeter-
ized and after thermal treatment at +4060°C, are depicted ~ Size particles because of the open porosity and then can
in Figure 2. Xenon absorbed in the polymeric amorphous Penetrate the amorphous phase of polymeric materials
phase shows a chemical shift of 222 ppm, in agreement withthrough the extended surface (Figure'8Yhe process of
the literature daf& and our own observations of thermally  diffusion through the amorphous phase is slower and is the
polarized Xe NMR for the bulk amorphous phase of isotactic limiting step; in fact, after sufficiently short times, xenon
polypropylene. The chemical shift value of 222 ppm can diffuse only in that part of the material that is more close
demonstrates that xenon resides for a long time (on the NMRt0 the accessible surface. Thus, only particles with a high
time scale) in the amorphous phase and not in restrictedSurface-to-volume ratio can give rise to an intense signal of
empty cavities as typically achieved in porous polymers with dissolved xenon, as the untreated PP samples are. The
a rigid matrix® Spectra with high signal-to-noise ratio are thermal annealing of the particles at 14D causes a partial
obtained after a few scans. The normalized signal area iscollapse of the porous structdfewith a decrease of the
reduced progressively as a function of the thermal treatmentsurface-to-volume ratio together with an increase of the
of the polymer particles. The peak area due to the xenon crystalline fraction, in agreement with the increase of melting
dissolved in the particles treated at 14Dis reduced to one- ~ enthalpy from 84 to 116 J/g as measured by DSC runs
half of that of the pristine sample, and the complete (Supporting Information). The treatment at higher temper-

disappearance of the signal occurs after heating the sampledture (L60°C) leads to the collapse of the pristine architecture
at 160°C (Figure 2d). and produces dense and highly crystalline particles with a

limited surface area as conventional isotactic polypropylene.

Results and Discussion
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Figure 3. Schematic representation of the multigrain morphology of the Figure 5. Room-temperature GFHP 12%Xe NMR spectra of Xe gas
polypropylene millimeter particle. The grains are about-1200 #m in flowing on (a) PP/EPR-67-H, (b) PP/EPR-68-L, (c) PP/EPR-47-L, and (d)

size. The diffusion of xenon inside the grains can proceed via tWo pp particles. Deconvolutions considering one resonance for PP (downfield)
pathways: first, rapid diffusion through the pores and, second, inside the gnd one for EPR (upfield) are also reported.

polymeric amorphous phase of the micrometer-size particles.

ature, a linear dependence is observed and we can extrapolate
a limit temperature of 260 K at which xenon cannot diffuse
appreciably (Figure 4 above). This temperature corresponds
to the glass-transition valudy) of polypropylene. In fact,

at theTy the permeability of xenon in the glass phase is so
low to prevent the recording of a signal from the polymer,
notwithstanding the high sensitivity of the HP technique.

glassy PP rubbery PP

Relative Magnetization Intensity (%)
w

1 However, this technique allowed us to record the xenon
i diffusing into the amorphous phase just a few degrees above
260 270 280 290 the Ty, where xenon penetrates only the very skin of the
Tedls) polymer material since the diffusivity of xenon is slow when
polymer chains experience slow motional regimes. This is
< &/L i A an alternative way to determine the glass-transition temper-
ature by Xe NMR2adeQther conventional NMR techniques,
xs’o’/\\ Shkke “ such as ca}r_bon and deuterium NMR, dc_> not rgcognize the
e glass transition because they are responsive to high-frequency
X0 N 2K “ motional regimed?20
CF—HP ?°Xe NMR spectra on polypropylene/ethylene
ol ||| 27 propylene PP/EPR particles with variable PP/EPR ratio and
i ethylene content in the EPR copolymer are reported in Figure
x50 262 K J\ 5. The resonance peak of xenon dissolved in polypropylene
TMMMETWM’: v can be recognized at about 220 ppm. The chemical shift of
200 150 50 0 the upfield signal corresponds to that of xenon in the
3 (ppm) ethylene-propylene copolymers as observed by thermally

Figure 4. CF—HP 12%Xe NMR spectra of Xe gas flowing on PP particles ~ polarized xenon NMR? A single resonance for the EPR
recorded at the reported temperatures. At the top, the ratios of signalé)hase indicates the presence of a homogeneous phase. The
intensities (peak areas) of xenon dissolved in PP and the gas phase are_. . .
reported as a function of temperature. signals for xenon in the EPR phase (Figure-8ashow the
chemical shift strongly dependent on the ethylene content
This final state shows a very weak signal. Thus, the peakin the rubber (see Table S1 in Supporting Information). As
area of xenon dissolved in PP spheres is an indication ofthe ethylene fraction in the copolymer increases, the reso-
the high surface area and morphology of the polymer nance of xenon in the rubbery phase shifts upffe{ttom
millimeter spheres. This is a demonstration of the dependence215.7 to 209.6 ppm) and the line width of the signal becomes
of HP xenon NMR signal intensity, under continuous flow narrower, indicating the higher EPR mobility (Supporting
mode, on the surface area of a polymeric material. Moreover, Information)*42The chemical shifts versus compositions are
the gas xenon chemical shift is influenced by the exchange consistent with HP Xe NMR spectra of pure EPR samples,
with the adsorbed xenon on the surface when the surfaceas presented in Supporting Information. Since a resonance
area is sufficiently high, as in the pristine sample, resonating is present for each phase, diffusion is not sufficiently rapid
at 2 ppm. The reduction of the surface area, after the thermalto allow xenon atoms to explore both phases within the
annealing, makes negligible the contribution of the adsorbed observation time scale and to produce a coalesced line.
xenon to the chemical shift (xenon resonance at O ppm).
Variable temperature HP?Xe NMR spectra of xenon  (19) McGrath, K. J.; Ngai, K. L.; Roland, C. MMacromoleculesi992
flowing in PP particles are depicted in Figure 4. Reporting (20 25 4911-4914.

. ; . ) ) White, J. L.; Dias, A. J.; Ashbaugh, J. Racromolecules998 31,
the signal intensity (peak area) as a function of the temper- 1880-1888.




Hyperpolarized?®Xe NMR for Polymers and Blends Chem. Mater., Vol. 18, No. 19, 2@665

€5 g6
3 £5
g 4 EPR 2 PP
= € 4
5 3 H
] g3 EPR 2
'jé 2 PP u§ 2
g 4 g 1
= = .
20 2 4 M
E=3 - T T T
§ 240 260 280 300 320 340 ﬁ 240 260 280 300 320
Temperature (K) Temperature (K)
AS%OK A 288 K )&S 318 K /\. 273K
!{5 325 K /\ 280 K !yg 313K ~ 267 K
Asm k N 272 K Z SZS 309 K A\ 262 K
Z %S 301K ~ 258 K
312K A 267 K
4 S 296 K 254 K
307 K - 260 K
/ S 288 K 247K
302K 255 K
PN i T LTI
/S 297 K 250 K Z 5 283K 241K
/ \ 293K 245 K J\ 278K 236 K
240 220 200 180 240 220 200 180 240 220 200 180 240 220 200 180
3 (ppm) 3 (ppm)

Figure 6. CF—HP 12%Xe NMR spectra of PP/EPR-68-L particles recorded Figure 7. CF—HP 12°Xe NMR spectra of PP/EPR-47-L particles recorded

at the reported temperatures. The signals at room temperature at about 22@t the reported temperatures. The signals at room temperature at about 220
and 214 ppm correspond to the PP and EPR phases, respectivelyand 216 ppm correspond to the PP and EPR phases, respectively.
Temperature dependence of the magnetization intensities (peak areas) witifemperature dependence of the magnetization intensities (peak areas) with
respect to the gas phase (above). respect to the gas phase (above).

The timer determined in the fast exchange limit (Aw) samples, the disappearance of the EPR signals (214 and 216
< 1 (whereAw is the difference of the xenon chemical shifts ppm at room temperature, respectively) occurs at the
in the pure components) is evaluated as 2 ms. Taking into extrapolated temperature of 240 K. In the PP/EPR-68-L
account this time for diffusion and the Einstein equation (D sample, this temperature is just above the glass-transition
= 1079 m?%s) }**we can evaluate that the PP and EPR phasestemperature of 236 K, as shown by the DSC trace (Support-
should, on the average, have dimensions larger than 200 nming Information). Instead, the DSC run of the PP/EPR-47-L
To demonstrate that the structure on a microscopic scalesample cannot show any defined glass transition in the
corresponds to the structure on a larger scale (on thetemperature range 26@00 K, thus hyperpolarized xenon
millimeter scale), the PP/EPR millimeter spheres were NMR was shown to be an unusual tool to recognize the
ground under liquid nitrogen. In fact, CHHP 12°Xe NMR motional behavior in the polymers even in the presence of
spectra of the powders are the same as those recorded onomplex mixtures and blends. Owing to the high resolution
the intact spheres. In the samples with high EPR content, of the spectra, we could independently analyze the decrease
the intensity of the EPR signal largely prevails and the PP of polypropylene signals that evolve rapidly from high to
signal appears underestimated (Figure 5a and b). This is dudow temperatures pointing to the temperature of 280 K for
to the intrinsic higher permeability of EPR than PP to xenon both samples (Figures 6 and 7, above). This is due to the
diffusion at room temperature, which is confirmed by a stiffening of polypropylene domains that become imperme-
comparison with thermally polarized xenon NMR responses able to xenon. However, a minor component persists even
in PP/EPR blends and impact PP particfes. at lower temperature and is detectable down to the glass

The samples PP/EPR-68-L and PP/EPR-47-L, containingtransition of amorphous polypropylene as previously dis-
a similar kind of EPR rubber with a low content of ethylene, cussed. At high temperature, a larger amount of amorphous
were studied by variable temperature measurements (Figure$®P and EPR phases are penetrated by xenon because they
6 and 7). The two samples allowed us to follow separately are far above the glass-transition temperatd&MAS NMR
the dependence of signal intensities on temperature. In bothspectra confirm the presence, at room temperature, of mobile
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comparable time and intense cross-peaks are shown because
° $ o of the exchange between the gas signal at O ppm and xenon
in the EPR phase (Figure 8a, see enlargement). No exchange
of xenon can be observed between the gas phase and xenon
100 dissolved in PP indicating that the PP phase is not reached
by the gas phase on this time scale. Interestingly, intense

a)

F 50

o0 cross-peaks are observed for xenon in fast exchange, in the
E £200 time of 200 ms, between the EPR and the PP phases
s demonstrating that the two phases are contiguous and blended
{200 150 100 50 0 (ppm) within a few micrometers.
I ' : The cross-peak distribution brings to the deduction that
200 - - 200 .
I = I 0 ] the EPR phase polymgnzed on the porous polypropy!ene
2204 290 largely covers the pristine PP phase preventing the direct
, , access of the xenon gas to the PP phase. In fact, PP phase is
220 200 20 -20 (ppm) fed by freshly hyperpolarized xenon through the EPR phase.
In other terms, EPR phases occlude the percolation ways to
b)q } to PP phases. At mixing times of 400 ms, the xenon exchange
from the EPR to the PP phases intensifies and, in addition,
r 50 freshly hyperpolarized xenon exchanges with xenon in the
L 100 PP phase (Figure 8b, see enlargement). A similar behavior
is observed for the PP/EPR-47-L already at 300 K (Sup-
150 porting Information), but at longer mixing times of 500 ms
L 200 the diagonal peaks are markedly unbalanced in favor of
m xenon in the PP phase, in agreement with the minor amount

of EPR in the PP/EPR-47-L sample compared to the PP/

;"' 200 159\ 100/50 0 (Rpm) EPR-68-L. By this way, we have identified a path for xenon

2004 200 that sequentially explores the EPR phase and, later on, the
E I ¢ [ o @ ] PP phase demonstrating the hierarchical structure of the
2204 220 phases in the particlésOur results are consistent with
s ; . independent observations obtained by microscopies (SEM,
220 200 20  -20 (ppm)

TEM, and AFM)1! at higher degree of copolymerization,

Figure 8. 2D 129Xe EXSY NMR spectra of hyperpolarized xenon at 330 ; _ ;
K flowing on sample PP/EPR-68-L with mixing times of (a) 200 ms and the EPR phase surrounds the micrometer-scale particles and

(b) 400 ms. Enlargements of relevant regions are reported below the full fills the interparticle space.
spectra. Higher resolution in the HE®?Xe NMR spectra is obtained
in samples constituted by PP and EPR with a higher ethylene

amorphous PP and EPR phas#sin the sample with a  content (57%). In Figure 9, the 2D EXS'¥Xe spectra at
comparable amount of PP and EPR phases (PP/EPR-47-L)two mixing times of the polymer samples are reported. Along
the response of hyperpolarized xenon dissolved in the EPRthe diagonal, three peaks are present: the free gas, the xenon
phase shows a constant value at high temperatures becaugéissolved in the EPR phase, and the xenon dissolved in the
a considerable amount of hyperpolarized xenon diffuses outPP phase. For a mixing time of 100 ms, no exchange of
toward the PP phase, as shown below by 2D EXSY NMR xenon can be observed between the polymer phases.
experiments. The chemical shift is linearly dependent on the At a longer mixing time, the intensity of the cross-peaks
temperature with a slope of 0.2 ppm/K (Supporting Informa- increases and becomes comparable to that of the diagonal
tion), in agreement with thermally polarized observations in peaks that belong to xenon residing in each phase. Interest-
bulk rubbery polymer&® This result is consistent with a ingly, the cross-peak indicates that, in the time of 500 ms,
more severe confinement of xenon atoms exerted by thexenon can exchange between the PP and EPR polymeric
surrounding polymer chains at lower temperature. phases demonstrating their intimacy. In the polymer particle,

For a better understanding of the diffusion phenomena in at short mixing times, the diagonal peak due to xenon
the two phases and the sequential order of the accessibilitydissolved in EPR is clearly larger than that of xenon in PP,
of the two phases to the gas phase, 2D exchange NMRindicating that EPR is more accessible to xenon. The opposite
experiments (EXSY32® exploiting hyperpolarized xenon, happens at longer mixing times: the diagonal PP peak
have been performed. 2D EXS'¥°Xe spectra recorded at  becomes larger than that of EPR, showing that the diffusion
300 K and 330 K of the PP/EPR-47-L and PP/EPR-68-L into the PP phase is slower but the residence time is longer.
samples, respectively, show enough resolution to detectConventionally, 2D EXSY experiments are carried out on
separately, along the diagonal, xenon signals of PP and EPRsystems in equilibrium conditions and are characterized by
phases. In Figure 8, the 2D EXS¥Xe spectra of the PP/ back and forward exchange rates of an identical v&iue.
EPR-68-L sample are reported at mixing times of 200 and On the contrary, in the “continuous flow” conditions xenon
400 ms. At 200-ms mixing time, the intensity of the diagonal magnetization is in a nonequilibrium state and, depending
peaks indicates that xenon resides in each phase for aon the partition coefficients and morphology, it is possible
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morphological information and the description of the state
a) - -0 of the phases. In the porous polymeric systems with high
surface area, xenon can diffuse through the pores and can
reach rapidly the amorphous phases of the material. The
xenon signals ranging from 210 to 230 ppm provide
information on the explored amorphous phases. The gas
uptake is inhibited in the glassy state while gas absorption
becomes progressively higher on increasing the temperature
L 200 beyond glass transition. The high sensitivity of the method
]Z, ' could detect even minor amounts of xenon uptake, thus

Mastaaenil \ . . - . determining, with notable accuracy, the onset of cooperative
210 (ppm) 200 150 100 50 0 (ppm)

- 50

+100

200 4
150
210

220

2304

T

T
230

motions in pure phases and blends. We have established the

existence of separate domains of polypropylene and EPR

b) L <P o phasgs Iarger than 200 nm thgtz however, exchange xenon
. massively in a few hundred milliseconds as shown by 2D
- 50 HP NMR experiments. Using this novel tool, it was possible

to demonstrate in the PP/EPR blends that EPR rubber

- 100 receives first the fresh hyperpolarized xenon and then

200 exchanges xenon with the PP phase.
210 S 150 In general, our experiments based on the recognition of
I3 the phases and transport phenomena define a hierachical
220 | - 200 : ) .
? structure of microphases able to interact with the gas phase.
230 - X o . )
2 S B : : : : , The complex architecture within the particles could explain
230 210 (pem) 200 150 100 50 O (wm both the accessibility of the monomers over preformed

FiglJ_ﬂle 9. 2D excg%ngg PSpeccgraE lg; hxér;g/rpolﬁrilzed XenonMﬂQWing on é} particles at successive polymerization steps and the high-
t titut t . t . . - :
‘igg'ﬁ]es'c(%r)'sm'ifdﬁg e of 500 ms. (57% ethylene). (a) Mixing time o impact properties of the PP/EPR intimate blends obtained
by this preparation route. The unprecedented application of
to have a unidirectional diffusion process. For instance, we high sensitivity HP'?*Xe NMR to a rubbery polymeric
can consider a system constituted by two domains A and B material is promising for the study of complex polymeric
with A more exposed to the gas phase. At the beginning, architectures and extended polymeric interfaces.
xenon enters and diffuses in A and, after a certain time, it
reaches B but since xenon concentration is much higher N Morini and E. Piemontesi from Basell for providing the

the former than in the latter, the retrodiffusion is negligitsle. samples and Prof. E. Grilli for helpful discussions about the
This means that at short mixing times the cross-peaks appeagptical system. The Ministry of Research and University and
unbalanced. The presence of a stronger cross-peak on ongARIPLO Foundation are acknowledged for financial support.
side of the diagonal between PP and EPR peaks confirms ) ) ) )

that, in 500 ms, xenon can enter the EPR phase and then Supporting Information Available: Pictures of PP based

. . . .1 particles, DSC traces of the sampl¥& MAS NMR spectra, X-ray
gg{;ﬁgi;optrgigbﬁeone’ but the reverse trajectory is consider diffraction data, 2D EXSY NMR spectrum, CHHP 129%e NMR

spectra of pure EPR, and a table with chemical shift and peak
) intensity of xenon dissolved in PP and EPR phases at room
Conclusions temperature. This material is available free of charge via the Internet
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the study of rubbery polymers and blends providing the CM060499H

Acknowledgment. The authors of this paper wish to thank



