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ABSTRACT: 3C high-pressure CPMAS NMR is applied to examine the interaction between a CO, gas
and polystyrene under CO, gas pressures of 0—7 MPa. The molecular motion of polystyrene at atmospheric
pressure is also studied for comparison by 3C CPMAS NMR in the temperature range 35—104 °C. The
obtained 3C CPMAS NMR spectra and 3C T*3, values show that while the interchain distances in the
densely packing regions are heterogeneously expanded with increasing temperature, they are homoge-

neously expanded at high CO, gas pressures.

Introduction

So far, a great interest has been attracted in gas—
polymer interactions because of the industrial and
scientific importance. Permeation,! dilation,? and sorp-
tion® measurements have been used to study the
translation of gas molecules, the volume of a polymer
dilated by gas, and the amount of sorbed gas molecules,
respectively. The obtained data have been interpreted
by the dual-mode model. This model assumes the
existence of two gas binding sites which have different
affinities with gas molecules independent of gas pres-
sure. Under high gas pressures, however, this model
becomes inadequate, because the polymer structure is
affected by dissolved gas molecules; they swell the
polymer to increase the interchain distance? (the plas-
ticization effect), leading to enhancement of the mobility
of polymer. The enhancement of motion by the plasti-
cization effect has been detected as decrease of glass
transition temperature (Ty) for several glassy poly-
mers.*>

A few NMR investigations have been reported for the
plasticization effect of a CO, gas on glassy polymers.67
Sefcic et al. measured the 13C spin—lattice relaxation
time in the rotating frame (Ty,) of poly(vinyl chloride)
(PVC) at various CO, gas pressures to study the
molecular motion of PVC.% Although they observed a
correlation between T1, and gas pressure, the observed
change in Ty, is very small because of the narrow
pressure range (0—0.1 MPa). Smith et al. applied 2H
NMR methods to probe the effects of CO; gas pressure
(0—5 MPa) on the molecular motion of fully deuterated
polystyrene (PS).” From the 2H spin—Ilattice relaxation
time (T;) measurements, they suggested that the fre-
quency of local motions such as libration of the main
chain and z-flip motion of the phenyl ring increases with
increasing CO, gas pressure. In these works, gas effects
on the main chain motion, which is related to the Ty of
polymers, was not appreciated.

So far, 13C CPMAS NMR has been used to character-
ize the molecular motion of solid polymers.® Recently,
we have developed a simple method to obtain 13C
CPMAS spectra under high gas pressure.? In this
study, we use this method to investigate the molecular
motion enhanced by dissolved CO, gas as well as
variable-temperature 13C CPMAS to compare the CO;
gas effects with temperature effects.

* To whom correspondence should be addressed.
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1997.
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Experimental Section

Sample. Polystyrene (PS) sample was obtained from
Polyscience Co. The weight average molecular-weight
(My) of PS mainly used in this study is 2500. PS was
dissolved in benzene, casted on a Teflon plate, and dried
for 1 week at room temperature. After that, we dried
it under vacuum at 70 °C for 5 days. The T4 of PS was
found to be 58 °C using differential scanning calorimetry
(DSC) measurements with a heating rate of 5 °C/min.
To examine the effects of polydispersity of molecular
weight, two PS samples (M, = 5000 and 9000) with a
monodispersity of Mw/M, < 1.1 were obtained from
Aldrich Chemical Co. All the NMR measurements have
been done for the sample with M,, = 2500 unless
otherwise denoted.

High-Pressure MAS. High-pressure magic-angle
spinning (MAS) was realized as follows: A Pyrex glass
tube containing a sample, whose inside and outside
diameters are 3.40 and 5.85 mm, respectively, was
attached to a vacuum line and degassed. After that,
the CO, gas, which is enough to give a required
pressure, was transferred into the glass tube immersed
in a liquid N bath; then, the glass tube was sealed off.
The sealed glass tube was inserted into a Chemagnetics
7.5 mm MAS spinner with powdered glass or KBr to
well balance the spinner. Further details are described
in ref 9.

NMR Measurements. We performed the experi-
ments using a Chemagnetics CMX-300 NMR spectrom-
eter operating at 300.5 MHz for protons. The radiof-
requency field strength is about 55.6 kHz for either 1H
or 13C. The contact time of cross-polarization (CP) was
usually set to 1 ms. Under pressures above 3 MPa or
at temperatures above Tg, however, the 13C T, becomes
short, and then the CP contact time of 0.5 ms was used.
The frequency of MAS rate was set to 4.5 kHz. Vari-
able-temperature experiments were performed in the
range 35—104 °C. The measurements of 13C CPMAS
NMR spectra and relaxation times under CO, gas
pressures were made at 35 °C.

Results and Discussion

Temperature Effect. Figure 1 shows 13C CPMAS
NMR spectra measured at 35, 87, and 104 °C under
atmospheric pressure. The signal at 40 ppm is a
superposition of the methine and methylene resonances,
which can be fitted with two Gaussian line shapes; the
higher and lower field peaks can be assigned to the
methine and methylene carbons, respectively (Figure
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Figure 1. 13C CPMAS NMR spectra of polystyrene: (a) 35
°C; (b) 87 °C; (c) 104 °C. The broken and the dotted lines
represent the overlapped and the separated signals, respec-
tively, calculated for the aliphatic carbons using two Gaussian
line shapes. The higher and lower field peaks are assigned to
the methine and methylene carbons, respectively.

1a).19 Those at 127 and 145 ppm are ascribed to the
protonated and nonprotonated aromatic carbons, re-
spectively. With increasing temperature, both aromatic
carbon peaks show line-broadening and the spinning
sideband intensities decrease (Figure 1b), and a further
increment of temperature brings about line-broadening
of the main-chain carbon peaks as well as further
broadening of the aromatic carbon peaks (Figure 1c).
The line-broadening under H dipolar decoupling (DD)
and MAS can be brought about by the interference
between motional narrowing and artificial narrowing
due to DD112 or MAS.1® The line-broadening of the
main-chain carbon having strong 13C—!H dipolar inter-
actions arises mainly from the interference between
motional narrowing and DD. In the aromatic carbons,
which have large chemical shift anisotropies, the inter-
ference between motion and MAS may contribute to the
line-broadening. The protonated aromatic carbon broad-
ens also by the interference between motion and DD.
Therefore, the protonated aromatic carbon peak is
slightly broader than the nonprotonated aromatic car-
bon (Figure 1b). The decrease of the sideband intensi-
ties is also caused by motional averaging of the chemical
shift anisotoropies of the aromatic carbons. These
observations indicate that the molecular motion of PS
is 1—60 kHz at these temperatures.

To further examine the molecular motion of PS, we
measured the 13C spin—Ilattice relaxation time in the
rotating frame (T.,) of the methine and protonated
aromatic carbons at various temperatures. Ti, is sensi-
tive to the motion whose frequency is close to the spin-
locking field strength (55.6 kHz). While Ty, of 1H spins
in solids is unified by spin-diffusion, the T, values of
different carbons are not averaged, because the low
natural abundance of 13C spins inhibits spin diffusion.
This makes 13C T1, measurements useful to study the
molecular dynamics of each functional group in poly-
mers.
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Figure 2. 13C T*y, relaxation curves of the methine carbon
at various temperatures: (O) 35 °C; (®) 56 °C; (a) 77 °C. For
the sake of visual clarity, data are displaced vertically.
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Figure 3. Temperature (a) and pressure (b) dependences of
T*1, values for the methine (O, A) and protonated aromatic
(@, a) carbons in polystyrene. The circle and triangle represent
the longer and shorter components of T*;, values, respectively.
The dashed line represents the Ty of polystyrene. The solid
lines are only to guide the eye.

Figure 2 shows the T*;, relaxation curves observed
for the methine carbon at three temperatures (T*y, is
explained below). The relaxation curves observed for
the methine carbon at 35 and 56 °C are fitted to a single
exponential curve, and that at 77 °C is fitted to a double-
exponential curve. On the other hand, all the T*,
curves observed for the protonated aromatic carbon are
fitted to a double-exponential curve. The temperature
dependence of the T*;, and the component ratio of the
shorter T*;, for the methine and protonated aromatic
carbons are shown in Figures 3a and 4a, respectively.

Several possibilities are invoked to explain the ob-
served nonexponential T*1, decay. In fact, a T*1, decay
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Figure 4. Temperature (a) and pressure (b) dependences of
the component ratio of the shorter T*,, in polystyrene. A and
A represent the component ratios of shorter T*;, for the
methine and protonated aromatic carbons, respectively.

is intrinsically double-exponential, because fluctuation
of the dipolar coupling between the 13C spins and the
IH spins is caused by two mechanisms: the molecular
motion and the flip-flop motion of *H spins. Thus, one
has to consider two thermal reservoirs, namely, the 13C
rotating-frame Zeeman reservoir and the 'H dipolar
reservoir, which are coupled with the lattice with
different characteristic relaxation times, Ty, and T1p",
respectively. These two reservoirs are coupled to each
other with a characteristic time Tcy, leading to a double-
exponential T*;, decay. However, it has been shown4
that, under MAS conditions, the 'H dipolar reservoir
quickly goes to the state equilibrium with the lattice
(T1ip" < Tcp). In this case, it can be shown that the
13C rotating-frame Zeeman reservoir relaxes single-
exponentially with an effective relaxation time T*,:14

1 1 1
=+ W
T*lp Tlp TCH

Therefore, the observed double-exponential decays show
that at least two T*1, values exist in PS. Surely several
explanations for the T*;, dispersions are possible and
can be invoked as follows: (1) conformational and/or
chain packing'® heterogeneity; (2) polydispersity of
molecular weight; (3) motional heterogeneity!® between
central and end regions in one polymer chain.

To examine the origin of the double-exponential
decays, we further measured T*;, decay curves for the
protonated aromatic carbons of two monodispersive (M,/
My < 1.1) PS samples with different molecular weights
of (a) My, = 5000 and (b) My, = 9000 at room tempera-
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ture. Also in these samples, two T*;, components were
observed for the protonated aromatic carbons with T*;,
values of (a) 1.2 £ 0.2 and 37.0 =+ 2.5 ms and (b) 1.5 +
0.2 and 40.0 +£ 2.1 ms. These values are almost in
agreement with those observed for the PS sample with
My = 2500 (1.8 + 0.4 and 43.0 &+ 2.7 ms). Further, the
component ratio of the shorter value is (a) 17% and (b)
18%; the values agree with that of 18% for the PS
sample with My, = 2500. Thus, the longer and shorter
T*1, and the component ratio are concluded to be
virtually independent of My,. Therefore, it is clear that
the nonexponential behavior for the protonated aromatic
carbon does not come from the polydispersity of molec-
ular weight. Furthermore, the motional heterogeneity
between the center and end groups is also excluded
because even with increasing My, the shorter T*y,
component ratio is unchanged in spite of the decrease
of the end region ratio.

Measurements of 2H spectra of PS with the deuter-
ated phenyl ring (PS-ds) showed that ?H spectrum
consists of a narrow and a broad line shape below T
(80 °C).15 The former narrow component was attributed
to the phenyl ring flipping with a frequency of 10~"—
1078 s, while the broad one was assigned to the rigid
phenyl ring. The flipping and the rigid phenyl rings
were assigned to those in the loosely and closely chain
packing regions, respectively. In a13C T; measurement
at room temperature,’® a double-exponential decay was
observed for the protonated aromatic carbon, in which
the short component was attributed to the phenyl ring
flipping in the loosely packing region. These results
tempt one to conclude that the observed short T*j,
component of the protonated aromatic carbon is ascribed
to the flipping phenyl ring. However, since the fre-
guency of the flipping motion is too fast to shorten the
T*1,, itis unlikely that the flipping motion is responsible
for T*y,.

Linder et al. examined temperature dependence of the
'H Ti, of PS-d3, PS-ds, and PS-do in the range from
—150 to +230 °C.1" They found that all the T1, minima
occur around T4 +45 °C, while Ty, values of PS-ds; and
PS-do are an order of magnitude shorter than that of
PS-ds below Ty, and they concluded that, below Ty, the
amplitude of the phenyl ring libration is much larger
than that of the chain vibration, their correlation times
being of the same order of magnitude.l” Therefore, we
can ascribe the shorter 3C T*;, component observed
below Ty for the protonated aromatic carbon to the
phenyl ring libration associated with the main chain
vibration in the loosely packing region. The absence of
the shorter T*1, component below Ty for the methine
carbon suggests that the main-chain vibrational ampli-
tude is too small to be appreciable by T*;, below T,.
Above T4, segmental motion occurring in the loosely
packing region shortens T*y, of the protonated aromatic
as well as methine carbons, giving the similarly short
T*1, components of both carbons as shown in Figure 3a.
The longer T*;, components observed below and above
Ty for both carbons can be assigned to the main chain
vibration largely restricted in the closely packing region.
They show almost the same temperature dependence
of T*;, (Figure 3a), and also the 2H line shape for the
rigid component of the phenyl ring shows a temperature
dependence similar to that of the main chain above T,,'5
so that vibrational amplitudes in the closely packing
region can be considered to have little difference be-
tween the main and the side chains.
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Figure 5. 3C CPMAS NMR spectra of polystyrene under (a)
atmospheric pressure and at CO, gas pressures of (b) 3 MPa
and (c) 7 MPa. The signals marked by an asterisk denote the
spinning sidebands for the aromatic carbons.

CO;, Gas Pressure Effect. Figure 5 shows the
pressure dependence of the 13C CPMAS NMR spectrum
of PS (My, = 2500). A line-broadening is discernible for
both the protonated and nonprotonated aromatic car-
bons, and the spectrum obtained under 7 MPa re-
sembles that observed at 87 °C (Figure 1b). These
observations show that molecular motion is altered by
the dissolved CO; gas molecules. To examine the CO;
gas pressure effect, we further measured T*y, of PS at
various CO; gas pressures. At all pressures examined,
the T*;, decay of the methine carbon could be expressed
by a single-exponential decay curve, and that of the
protonated aromatic carbon could be expressed by a
double-exponential. The obtained T*;, and the compo-
nent ratio of the shorter T*y, for the methine and the
protonated aromatic carbons are shown in Figures 3b
and 4b, respectively. For both carbons, the T*;, de-
crease with increasing CO, gas pressure. For the
methine carbon, the T*;, at 3 MPa, 5 MPa, and 7 MPa
roughly correspond to the longer T*y, observed at about
60 °C, 68 °C, and 87 °C, respectively, and for the
protonated aromatic carbon, the longer T*;, at 3, 5, and
7 MPa to those at 55, 60, and 88 °C, respectively. These
results show that the main-chain motion is enhanced
not only by raising the temperature but also by dissolv-
ing a CO; gas in it.

The temperature and the CO, gas pressure depen-
dence of the component ratio of the shorter T*;, shown
in Figure 4 are different from each other. Particularly,
the methine carbon shows no component with shorter
T*1, even at a CO, gas pressure of 7 MPa, while the
observed longer T*;, at 87 °C corresponding to that at
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7 MPa has the component with shorter T*;,. Also for
the protonated aromatic carbon, the T*;, component
ratio shows appreciable temperature dependence, while
it stays constant for the pressure range studied.

We explain the observed temperature and CO, gas
pressure effects as follows: at temperatures higher than
Tg4 densely packing regions are partially loosen, so that
the component ratio of the shorter T*;, (Figure 4a)
increases. On the other hand, in CO, gas experiment,
it is true that the CO, gas enhances motion with
increasing CO; gas pressure (the plasticized effect), but
the CO, gas does not change the ratio of the densely
packing and the loosely packing regions (Figure 4b).
Therefore, the interchain distances of the densely pack-
ing regions are heterogeneousely expanded with in-
creasing temperature; that is, some regions are loosened
but some regions are not; on the other hand, they are
homogeneously expanded with increasing pressure. This
homogenization effect of CO, gas molecules may be
attributed to the fast diffusion of dissolved CO, gas
molecules (1.0 x 1077 cm?/s at 2 MPa):” the collision of
CO; gas molecules with PS at various sites expands the
interchain distances and homogenize the heterogeneous
packing structure.
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