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ABSTRACT: While use of CQas a solvent for polymer synthesis has been well established, applications to
polymer processing have followed more slowly. Motivated by success using supercritisalSCDmediating
solvent in forming composites of montmorillonite “nanoclay” with plasticized polymer melts, this study makes

a detailed quantification of the G(@lasticization of solid poly(ethylene oxide) (PEO) using NMR spectroscopy
and relaxation experiments. The study of solid polymers using NMR presents challenges but can yield detailed
information about polymer morphology, dynamics, and chemistry. Immersing bulk polymers under flpid CO

an NMR spectrometer allows direct access to plasticization dynamics relevant to polymer processing. Using a
simple high-pressure apparatus and temperata88s°C, melting and crystallization temperatures are depressed

by up to 18°C when solid PEO is immersed in G@t modest pressures 82 bar). A detailed analysis of NMR
spectral components also quantifies the crystalline/amorphous fractions in PEO as a function of temperature and
CQO;, pressure. Thus, this system shows a distinct plasticization effect even at modgse€sires, emphasizing

the utility of CO; as a polymer processing aid.

Introduction tions of poly(methyl methacrylate) (PMMA) and polystyrene
Supercritical C@is emerging as an environmentally benign  (PS) in CQ in the presence of clay to form the composites.
and recoverable solvent in myriad polymer syntheses and Because of inconveniences in making measurements on a
processing venués3 The tunable nature of the supercritical Synthesis or processing vessel, most analytical measurements
state allows for new degrees of freedom in process design, e.g.On solid polymers and composites can only infer properties
pressure, phase transitions, viscosity, and surface tension. Mosfluring processing from measurements made only on the final

polymer synthesis and processing protocols involve water or Product in the absence of GOTo gain direct insight into
organic solvents, which pose problems of disposal or recycling, Polymer dynamics, morphology, and chemistry during process-
and often leave residues in final polymer products that can be ing, analysis must be done in situ. Previous studies have used
toxic or difficult to remove. C@ provides an environmentally ~ high-pressure differential scanning calorimét®sSC) and
friendly and economical alternative to many conventional €lectron spin resonariteo assess thermal state changes under
solvent processes. Commercial §@oduction uses byproducts ~ the influence of C@ and other gases. DSC, IR, variable
of other industrial processes and sequesters or adds no additiondemperature TEM, and X-ray diffraction can give information
gas to the atmosphefeCO, generally separates easily from ©n crystallinity? but in-situ plasticization is not generally
products due to its liquielgas transition when pressure in the accessible under high-pressure gases. These methods each
reaction or processing vessel is released, B@&nown to be a provide a different and incomplete set of information on polymer
plasticizer for polymers® and could be used to improve properties, while some require destruction or degradation of the
processing for polymers that are difficult to form. Thus, £O Sample.
may replace some traditional solvent-mediated composite NMR can provide a wealth of information on the dynamics
manufacturing, providing better polymer/additive mixing than of polymers, including measuring melting and glass transition
simple melt mixing, but without the harmful processing solvents. temperatures, phase behavior, chemical affinity, and binding,
In this study, the properties and utility of G@s a plasticizer and these properties may be separately measured on the polymer
are explored by monitoring its effects on an example polymer backbone and on chemically distinct side chafha.large body
in real time using solid-state NMR spectroscopy. This work 0of NMR work exists on polymer and other solutions in £
represents the first detailed NMR investigation of a bulk solid but not previously orsolid polymers with CQ as a dissolved
polymer under the influence of a G@fluid) atmosphere. solute. The present NMR study of solid PEO immersed i CO

Recent work has focused on blending polymers with mont- uses a simple and inexpensive high-pressure cell and finds that
morillonite, a so-called “nanoclay” due to its 1 nm silicate layer the melting and crystallization temperatures of this semicrys-
spacing, using sc-CQas an effective blend-mediating or talline polymer are dramatically reduced by immersion in,CO
dispersion-polymerization solvent. This work has utilized at modest pressures, giving further insight into and impetus for
hydrocarbon polymers that are only weakly soluble in,(fit the use of CQas a plasticizer during polymer processing. A
has found dramatic success in synthesizing both intercalateddetailed analysis of these experiments yields a bulk average
and exfoliated nanocomposites. In the case of poly(ethylene amorphous/crystalline fraction during meltidgand observes
oxide) (PEO), CQ dissolves into the polymer and promotes strong hysteresis in the melting curife.
motion and mixing with the clay to form a uniform compodite.
Other studies show the effectiveness of dispersion polymeriza-Experimental Section

To get reproducible results, the PEO sample (powder, 100 kDa
* E-mail: Imadsen@email.unc.edu. MW, Scientific Polymer Products Inc.) is degassed under vacuum
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Figure 2. Solid-state NMR spectrum and fit components. Part A shows
the spectrum of PEO in Gt 82 bar and 25.7C. The data are in the
solid line, and the dotted line shows the least-squares fit using two
Lorentzian line shapes. Parts B and C are the narrow (amorphous) and
broad (crystalline) components derived from the fit. The intensities of
sl (B) and (C) allow calculation of the crystalline and amorphous fractions
. ; e in the sample.
Figure 1. In-situ NMR apparatus. The high-pressure system shown
in block diagram (A) connects to the sample cell shown in (B), which
resides inside the NMR magnet.

In conventional C@polymer solution studies where the polymer
is distributed throughout the pressure apparatus, the issue of polymer
. . . , ) concentration in the sample cell vs in the mixing cell or transfer
overnight before introduction of GO Most importantly, this  hing becomes important. If the NMR spectrometer sets temper-
removes oxygen from the sample that might influence NMR 5,16'in the sample cell while the rest of the pressure system is at
relaxation times. Also, heat cycling Fhe solid twice before NMR  5om temperature, then polymer may condense into the cooler part
measurements produced more consistent results on repeated meg;s the system, leaving the sample cell with a different and
surements on the same sample or between samples. Figure 1 showgncharacterized concentration relative to that originally planned.
the sample cell along with a block diagram of our high-pressure Thjs js not an issue in our experiments since our sample stays solid
NMR apparatus. The sample cell consista® mmo.d., 1.4mm  in the sample tube and is completely influenced by the NMR probe
i.d. NMR tube connected to a 0.0625 in. o0.d. stainless steel capillary T \when using a polymer with high solubility in GOsome solid
via a swagelok 0.25 in./0.0625 in. adapter and semiflexible nylon may dissolve during the NMR experiment. However, this dissolved
tubing (Polypenco Nylaflow 1/4T, 0.63/0.49 cm o.d./i.d.) for a seal. polymer would produce only a small contribution to the signal and
Careful heating using a hot air gun aids installation of the 1.5 cm would not substantially affect the NMR measurements.
long nylon tubing section onto the NMR tube. Tightening of the T4 compare classical polymer characterization methods to this
swagelok to NMR tube seal using the swagelok protocol avoids NMR method, 8.1 mg of the commercial sample studied using NMR

stress cracks in the tube that might cause rupture under pressureyas examined using DSC (Seiko SSC/5200) with heating/cooling
Prior to insertion of the sample cell into the spectrometer, the pump rates of 1°C to 10°C/min.

applied a maximum pressure of 88 bar with the cell submersed in

a 20 L bucket of water to protect against debris in the event of Results and Discussion

rupture. A conventional HPLC-type syringe pump (ISCO 100DX i . . .

pump with Series D controller) applies high pressures, and no _ To illustrate the_utlllty ofNMRfo_r polymer studies, a simple
ruptures occurred up to 61 bar with glass tubes (Wilmad 522-PP) line shape analysis allows extraction of the amorphous/crystal-
and up to 88 bar with quartz tubes (Wilmad 700-PQ). Testing on line fraction of the PEO as a function Bto, andT. Figure 2
similar glass sample tubes indicates that they burst at an averageshows an example spectrum and its decomposition into two
pressure of 103 bar with a standard deviation of 35h&uartz spectral components via least-squares fits of two Lorentzian line
tubes should have much higher burst pressures, but more testing isshapes to the data using Mathematica 4.1. Note the “broad”
needed to determine the maximum safe operating pressure. Becausgnd “narrow” components, where the broad component arises
of the possibility of pressure drop along thé m stainless capillary _  from a solid or less mobile crystallite and the narrow component
Qb the more mobile amorphous polymer. What these components
pressure relative to the pump wad bar after a few minutes of represgnj[ rr;ay differ S“ghﬂy from other methods of determining
equilibration, so the pressures at the pump are reported as equal t&rystalllnlty, since these line shapes really relate to the average
those as in the sample cell. Al valves between the pump and sampleMetionsthe polymer segments experience. The slowly moving
cell were open during the variable temperature runs to allow for Parts correspond to the true crystallites, but there will also be
pressure equilibration. Filling the sample cell so that sample lay Some portion of the polymer moving within or on the surface
only inside the NMR coil allowed for more uniform rf excitation ~ these crystallites that is not crystalline but has similar motional
and detection. behavior on the NMR time scale. Thus, the crystalline fraction

All data originated from a Bruker Avance DMX 360 MHz solids Measured here should be slightly larger than that obtained by
instrument.!H NMR experiments usec2 us pulse widths for ~ other analytical methods.
uniform spectral excitation and used a standard inversiecovery Because of nonlinearities in the NMR signal intensity over
pulse sequence (1887—90°—acquire) for allT; measurements.  the spectral window arising from the NMR measurements, our
Temperature steps equilibrated fob min before taking NMR data.  fits to the spectral components will have errors larger than the
Inversion-recovery experirr_]ent§ incorporated relaxation dela_Lys of errors calculated by the fitting software. This error will be
$ Snfggsjrzﬁgst fCX fg?hoitg‘t"ge'lgcrizeu“éggg a rtg\t/?(lj:(; iivr;‘:g peer similar to that expected for using NMR peak areas (integration)
folr T,'s ranging fr.om 0 7pto 25 )léor t?est I’epl’FC)) ducibilft’yscansg to determine relative spin abundances, typical8f6. This error

: A could be substantially reduced by careful calibration of NMR

for cooling—heating cycles began at the high&steen during each ) o
cycle and equilibrated for 15 min before beginning the cycle. A probe and spectrometer response in both excitation and detec-

neat ethylene glycol standard sample (Bruker) allowed temperaturefion. Figure 3 shows two sets of spectra‘Nsn_Qer COO!'”Q at
calibration in 5°C intervals in the same position in the NMR probe Pco, = 1 bar andPco, = 82 bar (supercritical) with the

as the high-pressure cell. Repeated measurements provided agrystalline fractions shown at left. Notice that the melting of
estimatedT uncertainty of<40.5 °C using this apparatus. PEO shows metastable behavior, at least on the 00I&in CDV

to the end of the capillary in place of the sample cell. The drop in
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Figure 3. NMR spectra of PEO v§ and Pco,. The spectra at left B (mot;igﬂfézg:cies) (mo,,-o?,gﬂf;;;c,es)

were acquired on neat PEO on cooling, while those at right were taken . ) o .

at Pco, = 82 bar. The numbers to the left of each spectrum give the Figure 4. Spin—lattice relaxation times in polymer systems. Part A
percent crystallinity as determined by the line shape analysis. The shows adjacent polymer chains with spins interacting via dipolar
intensities of the spectra are individually scaled to allow comparison interactions, which are modulated by the polymer motional frequencies
of the line shapes. Note that the line widths of the narrow (amorphous) to produce random dissipative noise that relaxes the spins. Part B shows
spectral components are smaller in the data takePcgt = 82 bar, the quasi-resonant behavior of motions couplingtas a function of
indicating enhanced polymer motion even below the melting temper- temperature.

ature of the crystalline part. 26

Slow

average cooling rate used in our experiments. This appears to 24 1
be stable over quite long time scales, since experiments run at 2.2 1
fixed T for >1 h showed no substantial change in crystallinity. o 27
Note that the neat polymer is completely amorphous above 54 §’ 1.8 1-
°C and solidifies over a-4 °C range. 161

One may also observe the thermodynamic states of polymers 8 14 1-
using the spirrlattice relaxation timé&;. NMR relaxation times T124T
reflect the exchange of energy of the spins with their local 14-
magnetic environments. The spilattice relaxation timel; is 08 +-
the exponential decay time (1/rate) that the spin system takes 0.6
to return to thermal equilibrium, manifested as a material 2
sample’s bulk average magnetic moment given by the nuclear
spin paramagnetism (a Boltzmann population difference) aligned 26
along the spectrometer field axis. Once the spins have been put . Q ;
into a nonequilibrium state, such as with an rf pulse, random .2 EETNOOR, “ g B4 bar
spin flips induced by magnetic fluctuations cause the spin system - -
to return to its Boltzmann-distributed equilibrium state. The g —+—682bar
dominant source of this magnetic “noise” in polymers typically 2
arises from motions of the spins riding on the polymer chains, :g
which have a spectrum of motional frequencies and amplitudes. <
The spins are coupled to their neighbors by dipalgole or
other spin interactions. Figure 4a depicts this noise interaction
schematically. As the frequency spectrum of the motions (the

noise) changes, as a result of, e.g., temperature changes or other
physical or chemical changes to the sample, the relaxation time
T, responds in a quasi-resonant way at the Larmor frequencies_.

: : PR Figure 5. Spin—Ilattice relaxation times of protons in PEO plasticized
of the spins, as depicted in Figure 4b. Thus, we mayTyses by CO,. The upper plot show$; measurements for a single cooling

a probe of phase_ transitions_ _in a sample, inc_Iuding meas_uring heating cycle aPco, ~ 1 bar. The inset depicts where the slow and
the phase or motional transitions separately in any chemically fast relaxation measurements fall on fhalependence curve of Figure
distinct groups in a polymer or other substance. 4. TheTy, and T labels denote where the melting and crystallization

Becausd: probes polymer motions on the Larmor frequency gefn;[;izratures lie. The curves in the lower plot shibeycles for a range

wo time scale (1/360 MHz in the present work), as the polymer
melts or crystallizesT; will generally go through a strong
transition as the frequency spectrum of motions of the spins in and crystallization. Corrections for this “frequency offset” when
the polymer drastically change. Figure 5a shows a coeling measuring glass transitions may be accomplished using-time
heatingT cycle for PEO with reference to the relevant points temperature superposition to calculate Tg at zero fre-

in Figure 4b. A similar effect off; should also hold for glass  quency!%.16.17

transitions, although th&, dependence will be generally weaker The present study focuses only on melting and crystallization
with T. Thus, although phase transition measurements occur atsince Ty for PEO is below roomT and would presumably

wo, they will be similar to or only minimally higher than  decrease with addition of the plasticizer £€OQngoing detailed
measurements made near zero frequency, such as those obtainesfudies on noncrystalline polymers with highigis and some
using DMA or DSC, especially for strong transitions like melting CO, solubility should show similar strong depressionsTgs. CDV

T(°C)
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Figure 6. Melting and crystallization temperatures as a function of 65 .__B___.__,_-——’-—'
Pco,. Tm and T, of PEO drop monotonically as a function B¢o,. Note 60 |
the apparent plateau ©f when CQ becomes a liquid below the critical -
T=31°C. 355 |
50 F
Figure 5b shows a family of curves of the relaxation timess s |
T with Pco, ranging from atmospheric pressure up to 82 bar, 0 . . . , |

which is well above the C@critical pressure. In the present

.. . 0 2 4 6 8 10
study, the transition temperaturdsg, and T. are defined as Heat/Cool Rate (°C/min)
melting and crygtalllzatlon temperature;, res_'peCt'Vely’ and their Figure 7. Comparison of DSC with NMR information. Part A shows
values are assigned by taking the midpoint of thevs T a differential scanning calorimetry cycle (fourth heat) afC/min

transition based on the values Tf in either phase above and  heating/cooling ratel, = 63.3°C andT. = 48.7°C using this method.
below the transition. These curves all show substantial differ- l—2:nd(?1§atslr(l;g\(ljvlr)] rigt éBwﬁéieT?hae”ﬂ&cRaz ;Jugggggtigﬁliegszzzwi ate
l(ei?;setzrsstsv)v?zggmg f:gﬁitl;g: 63\::31 ﬁ;ysctglltzoaglzrléearpg:;atures(o_o °C/min scan rate), provide the data points at O scan rate.

= 82 bar, which emphasize the critical role of sample history
in thermal processing. Strawhecker and Manias observed this
effect using DSC in the absence of €8 Note the strong
monotonic decrease in boffy, and T; with increasingPco,,
which Figure 6 shows graphically. At the lowend of these
measurements, below the critidaE 31°C, CGyis in the liquid
state atPco, = 68 bar, which was confirmed visually as the
sample cell exhibited a meniscus with the sample tube as the
lowest point in the pressure system during our NMR measure-
ments. This may account for the apparent minimiys= 29.3

°C observed in these lowest two data points in Figure 6. The
1D spectra of Figure 3 display the growth or disappearance of
the broad NMR line, which is an observation of motions on
the 'lH—H dipolar coupling time scale 6£50 kHz. T, and T,
extracted from these spectral transitions correspond within the
estimated temperature accuracy to tfig and T values
measured using th&; curves of Figure 4. This agreement
between thél; and line shape measurements is expected since
the strong (first order) melting/crystallization phase transitions
affect all modes of polymer motion dramatically.

interactions with solvents and reactants in realistic conditions.
Supercritical CQ presents a versatile and environmentally
friendly solvent for processing but presents barriers to conven-
tional analysis modes. Using the model polymer system of PEO
along with a relatively simple high-pressure NMR apparatus
has yielded information relevant to polymer processing tech-
niques such as solvent-mediated polymer composite blending.
NMR has no destructive effects on such systems and might be
fruitfully integrated into a processing apparatus. The combina-
tion of information available from the present stuetyrystalline/
amorphous fraction and melting and crystallization temperatures
vs T andPco,—also conveniently combines information unavail-
able from any single analytical technique.

Further plans include applying the present apparatus and
methods to study a family of fluoropolymers under development
as next-generation photoresists for lithographic proces$ing.
Fluoropolymers have much stronger interactions with and higher
solubility in CO, and have shown more promise as £O
synthesis and processing target® NMR has the added

) . advantage of a much larger chemical shift range in which to
Figure 7 shows the DSC data recorded on the commercial yjgtinguish the behaviors of various polymer subunits. In

sample used for NMR at several heating/cooling ratesll addition, the determination of GQontent (wt %) in a solid

DSC data represent scans taken on the second or later heatingolymer can likely be quantified usif§C NMR experiments
cycles and after 15 min annealing at 8tC to minimize sample along with a line shape analysis analogous to the present work.

history effects. NMR measurements of, and T, represent . .
. o The predominant mode of development for polymer synthesis

measurements of melting/crystallization data at steady state (O'Oan d processina methods is the use of experience-based intuition

°C/min), which cannot be obtained using DSC. Note that the b g b '

e combined with measurement of desired material properties in
NMR determination Oﬂ;m ma}tches the DSC measurement to final products. While this often serves end goals adequately,
within error bars at 1°C/min heating rate. Crystallization G - - :

. . . . the use of detailed in-situ analysis techniques allows design to
evidently requires substantially longer than the DSC time scale K ional and effici h. Thi dv has depicted
(~1 min) since the NMR measurement follows the trend of take a more rational and efficient path. This study has depicte

. . . a simple method of NMR directed toward understanding in-
vs cooling rate but is 3C higher than the DSC value at’C/ rocess parameters of solid bolvmers plasticized by. TGis
min cooling rate. Indeed, the DSC trace in Figure 7a shows P P Poly P Y-

L ; o increasingly important green solvent promises to revolutionize
that the crystallization process beg'”w C, exactly where many areas of polymer science as well as chemistry, materials
the steady-state NMR measuremenfTpfies.

science, and manufacturing.
nclusions and Pr .
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